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ABSTRACT
Petroleum pitches are carbonaceous materials that serve as precursors for advanced
carbon products. Because of their highly graphitic nature, such pitches are of particular interest
for producing high thermal conductivity carbon fibers for thermal management applications,
such as microelectronics packaging for hybrid and plug-in vehicles.
Even though the properties of the final carbon products are impacted by the molecular
composition of the starting pitch precursor, a fundamental understanding of this relationship
has yet to be established. To this end, dense-gas extraction (DGE), a fractionation technique that
allows for the production of pitches of controlled composition for both analytical and
rheological characterization, was investigated.
A continuous-flow apparatus, consisting of two countercurrent-flow packed columns,
was designed and constructed for this study. Supercritical toluene, pentane, and methanol were
all investigated as extractive solvents. An oligomeric petroleum pitch, M-50, was used as the
feed pitch. The effect of column temperature gradient and pressure, solvent-to-pitch (S/P) ratio,
solvent composition, and feed location was shown to play a significant role in pitch yield,
oligomeric composition, mesophase content, and physical properties of the fractions obtained
herein. In addition, co-solvent interactions between pitch molecules, the existence of reflux in
the presence of a column temperature gradient, and the presence of thermal polymerization
reactions were all demonstrated to have a significant effect on the purity of the fractions
isolated. For example, in isolating dimer-rich pitches, an improvement in purity from 81 to
99 mol% was achieved by changing the extractive solvent from toluene (Tc = 319 °C) to pentane
(Tc = 197 °C) – toluene mixtures, and operating the DGE column as a stripper/rectifier (vs.
iii
stripper only) at a positive temperature gradient (270 Top, 240 °C Bottom) and a S/P ratio
greater than 15.
Pitches of narrow molecular weight distribution were isolated from the oligomeric feed
pitch (M-50) on a continuous basis and characterized by MALDI mass spectrometry. In
particular, monomer- and dimer-rich pitches with purities greater than 96 mol%, and trimer-rich
pitches of 60 mol% purity, were obtained at overall product yields of 50% for the monomer, 14%
for the dimer, and 7% for the trimer, at pitch flow rates ranging from 5 to 50 g/h. The softening
point of pure monomer was found to be 40 °C, of pure dimer 215 °C, and of a trimer-rich cut 285
°C. By combining DGE with our analytical characterization techniques, we have been able to
obtain the first reliable estimate of the molecular composition of M-50 pitch: 50 wt% monomer,
27 wt% dimer, and 23 wt% trimer and heavier species.
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1CHAPTER ONE
INTRODUCTION AND BACKGROUND
The future market for carbon fibers and carbon composites is promising: for
polyacrylonitrile-based carbon fibers alone, it is forecasted to double from 2010 to 2020. From
2008 to 2010, the annual demand has been estimated to be approximately 50,000 metric tons
(110 million lb) [1]. The world’s leading carbon-fiber producers are Cytec (US), Hexcel (US),
Mitsubishi Rayon (JP), SGL (Germany), TohoTenax (JP), Toray (JP), and Zoltek (US). Currently, 65
to 70% of the market share is controlled by the Japanese companies [2], with Toray alone having
34% of the global market [1]. Leading carbon-fiber manufacturers are amidst major expansion
programs, while new suppliers from around world, including China, are finding their way into
the market.
Today, more than 90% of the commercially available carbon fibers are made from
polyacrylonitrile (PAN) [2]. PAN-based carbon fibers offer excellent strength and high stiffness
[3], with their cost ranging from $20/lb for medium- to $44/lb for high-grade aerospace [4]. The
raw material itself, acrylonitrile, averages $1/lb [5].
Carbon fibers have found uses in many industries: from more traditional military and
aerospace applications to sporting goods. New prospects for the use of carbon fibers include
blades for wind turbines, electricity transmission, civil infrastructure, commercial aircrafts and
vehicles [6]. Because of their combination of light weight and high strength, carbon-fibers
composites comprise as much as 50% of the primary structure of Boeing’s new 787
Dreamliner[7].
2However, the elevated price of carbon fibers has hindered application in other areas.
Among the factors that preclude the carbon-fiber industry from reaching its full potential is the
cost associated with the raw material and production of the fibers. In fact, the cost for
production of commercial-grade carbon fibers is approximately equally split between precursor
and processing costs [2]. In an attempt to commercialize carbon fibers, the U.S. Department of
Energy’s (DOE) FreedomCAR and Fuel Partnership, established in 2003, is seeking to incorporate
lightweight materials on a large scale into commercial vehicles and thus reduce both
greenhouse gas emissions and our dependence on foreign oil [8,9]. For high-volume
applications, however, current predictions estimate that the cost of commercial-grade carbon
fibers needs to be lowered to $5 to $7/lb [6]. To this end, alternative precursors, such as lignin
[2], are being considered.
Compared to carbon fibers made from PAN, pitch-based carbon fibers have their own
set of unique properties and challenges. Even though raw material costs are lower, $0.23/lb
[10], they are more expensive than PAN-based. They have lower tensile strength and much
lower compressive strength than PAN-based fibers [11], and thus are used for structural
applications only when their high modulus is required. However, the fact that pitch-based
carbon fibers, because of their highly graphitic structure, can have exceptionally high thermal
conductivities (i.e., up to four times that of copper [11,12]), gives them a unique position in the
carbon-fiber market. Thermal management is becoming an increasingly relevant issue,
particularly for electronic device applications where high power is required, such as electric,
hybrid, and/or plug-in vehicles [13]. As semiconductor devices such as silicon chips become
more powerful, the dissipation of heat away from these devices in order to maintain acceptable
operating life and reliability is becoming increasingly important. Graphite-metal composites,
3Figure 1.1 MALDI spectrum of M-50 petroleum pitch. Monomer species are defined as having a
mol wt from 210 to 388, dimer from 388 to 645, trimer from 645 to 890, and tetramer from 890
to 1120 Da.
with their unique combination of high thermal conductivity and low coefficient of thermal
expansion, are under development [14-19] as solution to this heat dissipation problem, with the
graphite preform consisting of continuous, high thermal conductivity, pitch-based carbon fiber.
Pitch-based carbon fibers are generally made from coal-tar or petroleum pitch, with the
trend in recent years being towards petroleum pitch because of its relatively low toxicity
compared to coal-tar pitches. In this dissertation, work focused on M-50 petroleum pitch from
Marathon Oil Corporation and its predecessor A-240, from Marathon Ashland Petroleum.
Petroleum pitches are produced by the thermal polymerization of aromatic decant oil, a
by-product of the fluid catalytic cracking (FCC) of the heavy gas oil fraction of crude oil. As
shown in Figure 1.1, M-50 pitch is oligomeric in nature with, a molecular weight (mol wt) that
extends from approximately 200 to over 1000 [20,21]. The species themselves consist of
4alkylated polycyclic aromatic hydrocarbons (PAHs). In 2009, Cristadoro et al. [22], characterized
the monomeric and dimer fractions of M-50 pitch in terms of some of the more likely PAH
backbones and the degree and location of the alkyl substituent groups. Both advanced and
conventional analytical techniques, including matrix-assisted, laser desorption/ionization, time-
of-flight mass spectrometry (MALDI), MALDI-PSD (Post-source decay), H-NMR, FT-IR, and UV-Vis
were used. A unique feature of this work was the use of dense-gas extraction (DGE) for
producing narrow mol wt monomer and dimer cuts of M-50 pitch that could then be analyzed
by the techniques described above.
More recently, Burgess and Thies [23] identified the predominant molecular species
present in the monomeric fraction of M-50 pitch. Low, medium, and high mol wt portions of the
monomer were isolated by DGE, with individual species from those fractions being further
isolated by high-temperature, prep-scale gel permeation chromatography (GPC). Both DGE and
GPC fractions were then analyzed via reversed-phase HPLC (RP-HPLC) coupled to a UV-Vis,
photodiode array (PDA), whereby specific molecules were identified by their molecular
fingerprints. Some of these identified species are shown in Figure 1.2. Using the identified
monomeric species as building blocks to higher oligomers, Burgess and Thies [24] then
elucidated some of the possible molecular structures present in dimer, trimer and tetramer
oligomers, some examples of which are shown in Figure 1.2.
The focus of this dissertation was the development of DGE as a viable technique for the
fractionation of petroleum pitches by mol wt and oligomeric composition. As we have seen
above, the DGE fractionation of pitch has been shown to be a valuable technique for isolating
oligomeric pitch species for identification by subsequent analytical characterization. However, a
potentially far more significant application of DGE is for the macroscopic generation of
5Figure 1.2 Monomer, dimer, trimer, and tetramer species present in M-50 petroleum pitch
[23,24]. The monomeric species were definitely identified, and the proposed oligomers are likely
structures created by condensation reactions between monomers. Common solvents used in
DGE to fractionate M-50.
oligomeric pitches with compositions designed for a specific, end-product application. Such
control of the molecular composition has heretofore not been achievable with existing
processes for producing the pitch precursors for carbon fibers. However, the limited information
available [25,26] suggests that significant relationships between pitch composition and final-
product properties exist and need to be elucidated and exploited.
Dense-gas extraction/supercritical extraction work directed towards the fractionation of
pitches was initiated at Clemson by Edwards [27], but the focus of his work was the design,
6construction, and testing of the DGE apparatus, and only a qualitative understanding of the
effect of operating conditions on product composition was obtained. In this work, our goals
were to (1) investigate the DGE technique for isolating pure oligomers, and (2) develop a better
understanding of the effect of DGE operating conditions on the yield and purity of the products
obtained.
Before proceeding to a discussion of the research carried out in the course of this
dissertation, we have provided below an introduction of the various topics relevant to this work.
This introduction is divided into three sections: (1) Characteristics of Carbonaceous Pitches,
where we discuss the nature of pitches; (2) Extraction Techniques, where a review is given on
the various techniques used for fractionating natural products, polymers, and pitches, and (3)
Phase Behavior, where we discuss the possible phase behavior that can exist for the pitch-
toluene mixtures present in our DGE columns at their elevated temperatures and pressures of
operation.
Characteristics of Carbonaceous Pitches
Carbonaceous pitches, whether derived from coal-tar or petroleum, are considered to
be sub-cooled liquids at room temperature. For this reason, pitches do not go through a solid-
liquid phase change, and therefore do not exhibit a true melting point [28]. More conventional
methods of melting point determination, such as DSC, generally result in a broad curve, with no
sharp transitions as the pitch gradually softens with increasing temperature. One way to classify
pitches is according to their “softening point”. For instance, the softening point of a pitch
sample can be estimated with the use of a hot stage, whereby the sample is probed with a
7Table 1.1 Softening points of petroleum pitches (M-50, A-240) and coal-tar pitches (K-110,
K-160), obtained using a Mettler FP83HT, equipped with softening-point cups.
Heating Rate Softening Std.
Pitch (oC/min) Point (oC) Deviation
M-50 0.2 103.7 -
M-50 0.5 107.1 0.2
M-50 10 131.0 1.1
M-50 2 116.1 0.8
A-240 2 121.0 -
K-110 2 112.2 -
K-170 2 163.8 -
spatula at increasing temperature until the material goes from brittle to a “peanut butter”
consistency. The hot-stage method was used in Chapters 2 and 3.
A more standardized method for measuring the softening point is the temperature at
which the material starts to flow. One such standardized method [28] consists of a sample cup
assembly of specific dimensions, where the pitch sample is loaded and packed down. A SS ball of
specific weight is then placed on top of the pitch sample in order to push down the material
through a hole located at the bottom of the sampling cup. The assembly is then inserted into a
furnace unit where it is heated at a given rate. As temperature rises, the pitch sample becomes
softer until it starts to flow through the bottom opening of the sampling cup. Once the material
crosses a light beam ~20 mm below the cup, a “softening point” temperature is recorded. Since
both heating rate and softening point temperature are automated, this analysis is free from
subjective classifications. This method was used in Chapters 4 and 5. Shown in Table 1.1 are the
softening points of different pitches that, in one way or another, have been considered as
precursors for producing advanced carbon materials by our research group at Clemson
University during the past five years. Results using a Mettler Dropping Point Cell are generally
quite consistent, varying by no more ±1 °C for a given heating rate. As recommended by a
8Figure 1.3 Stacking behavior of mesophase pitch. Adapted from [33].
standardized method [28], a heating rate of 2 °C/min was used in this work. As demonstrated
throughout Chapters 2 to 5, softening point is directly affected by composition. Thus, by
controlling composition, pitches can be tailored to have the softening points desired for
manufacturing carbon artifacts.
Another interesting characteristic of carbonaceous pitches is that they can display liquid
crystalline behavior, which is why these materials were originally regarded as potential
precursors for high-performance carbon fibers [29,30]. Liquid crystals are a thermodynamically
stable phase, characterized by an anisotropy of properties without the existence of a three-
dimensional crystal lattice. In pitches, this phase is also known as “mesophase”, as it generally
occurs in temperature between the solid crystalline and isotropic phases [31]. Pitch components
that are sufficiently large to form mesophase are known as “mesogens”. Synthetically produced
large PAHs can have order in two-dimensions and form discotic columnar mesophases [32],
while  naturally occurring pitches, because of their multicomponent nature, have orientation in
only one direction and thus form discotic nematic mesophases [32]. As shown in Figure 1.3, at
sufficiently high concentrations, mesogens align along their basal planes to form a nematic
9mesophase. This anisotropic phase is characterized as having properties that vary depending on
the direction of measurement, e.g., thermal conductivity, tensile strength, and optical response
to polarized light (i.e., optical birefringence). On the other hand, for the isotropic phase, these
properties are the same, regardless of the direction of measurement.
In 1965, Brooks and Taylor [31], investigated the process by which mesophase is formed
from isotropic phase via heat treatment. In their work, general descriptions regarding the
appearance and coalescence of mesophase were made using a hot-stage, cross-polarized light
microscope. A total of twelve pitches, among them coke-oven pitches and their fractions,
petroleum bitumen, and pitches made from pure substances (such as naphthacene and
polyvinyl chloride), were heated in a hot-stage microscope. In general, a pattern of behavior was
observed for the substances considered. In brief, the samples would first melt upon heating,
forming an isotropic liquid. With increasing temperature, micron-size spherules were observed
to appear among the isotropic phase and insoluble particles at temperatures ranging from 400
to 520 °C. At higher temperatures, the spherules were observed to coalesce and form a
continuous phase known as a “mosaic”.
Such a coalescence of micron-sized spherules to form a continuous mesophase mosaic is
shown in Figure 1.4 for a petroleum-pitch fraction derived from M-50 pitch. The fraction had a
softening point close to 270 °C and was comprised only of dimer and heavier species. Each
sample was heat-soaked at different temperatures for approximately one hour. As seen in
Figure 1.4 (a), the formation of mesophase spherules is clear, even at temperatures as low as
285 °C, i.e., 15 °C above the softening point of the fraction. At 350 °C, as shown in Figure 1.4 (b),
mesophase spherules coalescence to a greater extent, forming large agglomerates between the
isotropic phase. At 450 °C, as shown in Figure 1.4 (c), a mosaic of continuous bulk mesophase is
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Figure 1.4 Cross-polarized light microscopy of petroleum pitch fraction after different heat
treatments: 1 hr at (a) 285 °C, (b) 350 °C, and (c) 450 °C. Pitch fraction obtained from dense-gas
extraction of M-50 at 800 psig, 350 °C, and solvent-to-pitch ratio of 5.1/1.
obtained in part by coalescence of the mesophase agglomerates and also because of
evaporation of the isotropic phase (i.e., in this case low mol wt dimer species). Also, note that at
temperatures higher than 350 °C, thermal polymerization reactions between dimer species have
been observed and, in this case, will also contribute to the formation of mesophase.
The structural representation of pitch systems has been accepted by many [34-38] to be
that of a colloid system. However, Dr. Thies is skeptical about this representation because there
is no strong evidence to support it. According to Dr. Thies, the colloidal representation fits well
for bitumens, where both size and chemical differences between molecules cause this type of
aggregation; in the case of pitches, it is just size differences. In any event, the author has
decided to keep the following discussion because there is no definitive evidence to reject this
interesting representation of PAH systems.
The colloidal representation was first proposed by Nellensteyn [39] in 1923 and was
later modified by Pfeiffer and Saal [40] in 1940. Both works were based on asphaltic bitumens.
Although bitumens have aliphatic species that are not generally present in petroleum pitches,
such as M-50, both consist of a mixture of aromatic species with a wide mol wt distribution. In
their work, Pfeiffer and Saal described asphaltic bitumens as a colloidal system, formed by
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spherical aggregates, or micelles, dispersed in a hydrocarbon medium (maltenes). They believed
that the asphaltic bitumens contain both substances that are insoluble in low mol wt aliphatic
hydrocarbons, called “asphaltenes”, and soluble ones, called “maltenes”. For petroleum and
coal-tar pitches, similar behavior is observed, where the insoluble fractions are classified based
on the solvents that were used to extract the soluble parts. Common acronyms include T.I.
(toluene insolubles) and Q.I. (quinoline insolubles), among others.
Additional work supporting the micellar arrengement of pitches is that of Riggs [38].
Similarly to other investigations [36, 41], Riggs used regular solution theory for non-electrolytes
to describe the solubility of pitch in a solution. In a regular solution, the free energy of mixing
must be negative for solubility to occur, as shown in Equation 1.1:
∆ = ∆ − ∆ Equation 1.1
where ΔHmix is the heat of mixing, ΔSmix is the entropy of mixing (ideal for a regular solution), and
T is temperature. Thus, the heat of mixing must be smaller than the entropy term (TΔSmix), which
is primarily dependent on the difference in solubility parameters for the species of interest.
According to Riggs, for a typical petroleum pitch the solubility parameters range from 6-8
(cal/cm3)1/2 for paraffinic species to 11-13 (cal/cm3)1/2 for highly condensed aromatic species
found in mesophase. Given the significant difference in solubility parameters, a mixture of
aliphatic and aromatic species would probably not be miscible. However, petroleum pitches
appear to be homogeneous solutions, both analytically (consistent C/H ratios, mass spectra, and
solubility) and qualitatively (softening point and homogeneous isotropic phase under optical
microscopy). Note that for petroleum pitches, such as M-50, no paraffinic species have been
identified [23].
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Figure 1.5 Hypothetical micellar structure found in pitches, and the cross-sectional mol wt
distribution of an oligomeric pitch (MALDI mass spectra of M-50).
As shown in Figure 1.5, according to micellar structure, substances with the highest mol
wt and aromaticity are arranged closely to the nucleus. Surrounding these species and farther
from the nucleus are lighter constituents of a less aromatic nature. Thus, as one moves from the
center to the perimeter of the micelle, the mol wt of the species changes in a gradual,
continuous manner, reducing the differences in the solubility parameter between adjacent
species and allowing for a range of species with varying degrees of aromaticity to co-exist in a
single phase.
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As discussed in Chapter 5, monomer and dimer species comprise approximately 77 wt%
of M-50 pitch and are completely isotropic under optical microcopy. The remaining 23 wt% of
pitch consists of trimer+ species (i.e., trimer, tetramer, pentamer, etc). Thus, in order for
mesophase to form, larger aromatic species, such as trimer+, found in the center of the micelle,
must be isolated from the rest of the pitch to some extent. Extraction of the outer layer of the
micelle can be achieved by various extraction methods, including solvent extraction, stripping at
elevated temperatures, and dense-gas extraction. These methods are discussed below.
Fractionation Techniques
Several methods have been investigated for controlling the mol wt distribution of
pitches for use as precursors for the manufacture of advanced carbon materials. One such
method, known as “heat soaking” or “thermal polymerization” of pitches and aromatic oils, was
introduced by Otani [42] in 1968 and further investigated by many others, including Singer [30],
Lewis [43], and Scaroni [44]. Briefly, heat soaking consists of heating a highly aromatic isotropic
pitch at temperatures exceeding 400 °C for up to 40 hours. In this process, some of the low mol
wt species volatilize, while others react via condensation reactions to form larger species that,
upon reaching a certain critical size, may align to form mesophase. The resulting material after
heat soaking is generally of broad mol wt distribution, given that the prevalent species undergo
several condensation reactions followed by the loss of 4 hydrogens per linkage established, as
recently elucidated by Burgess and Thies [24]. Other reactions reported in literature [44,45,46]
for polymerization of PAHs also suggest ring opening/closing, hydrogenation/dehydrogenation,
and alkylation/dealkylation. However, if the starting material for thermal polymerization is a
pure aromatic hydrocarbon, such as anthracene, the resulting pitch is observed to contain
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oligomers encompassing a much narrower mol wt distribution. As demonstrated by Scaroni [44],
such pitches can be used as a model system for understanding the mechanisms of thermal
polymerization.
One improvement to the heat soaking of pitches is to include the use of agitation. In
1977, Chwastiak and Lewis [47], used a batch reactor agitated with an inert gas to help remove
the low mol wt species and concentrate the mesogens to form a product that was stated to
consist of 100% mesophase. As a result of this agitation, the heat-soaking time was reduced
from 40 to 24 hours and the reaction temperature from 410 to 390 °C.
The use of a catalyst (i.e., aluminum trichloride [48,49] or HF/BF3 [50]) to lower the
reaction temperature has also been performed, but the starting material is typically a pure
aromatic hydrocarbon instead of an aromatic oil or pitch. For instance, Mochida et al. [51] have
shown how naphthalene can be polymerized at temperatures ranging from 200 to 300 °C by
using HF/BF3 catalyst mixture to form a pitch that is said to be of “narrow mol wt distribution
and few impurities” [51], known as “AR Resin”. Both the catalyst and low mol wt species are
then stripped out of the pitch product with an inert gas. As noted by the author, three steps are
carried out after heat-soaking polymerization. First, the “light oils” and catalyst are removed by
heating the mixture. Second, nitrogen is blown into the bottom of the reactor to remove the
“low boiling point” products. Finally, the “solid contaminants” are removed by filtration. In
summary, the AR mesophase process combines the ideas of thermal polymerization of Otani
[42], the agitation of Chwastiak and Lewis [47], and the filtration of Greenwood [52]. Thus, the
AR Resin process may yield pitches of narrower mol wt distribution, but it is far from being a
process where a pitch having a specific, controlled mol wt distribution can be obtained. In
addition, the starting material, naphthalene, is approximately four times more expensive than
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isotropic pitch [5,10], a by-product of petroleum refining. Also, the catalyst used for the
polymerization reaction of naphthalene HF/BF3 is highly corrosive and toxic.
Another technique that has been used for producing mesophase pitches is solvent
extraction. In this method, the mesogens in a heat-soaked pitch are concentrated by removing
the lower mol wt species with either pure or mixed solvents. Common solvents used include
toluene, benzene, heptane, tetrahydrofuran, quinoline, and others. Diefendorf and Riggs [41],
showed that mesophase pitches could be produced by first extracting a portion of the isotropic
pitch with a toluene/heptane solvent mixture, and then subsequently heating the insoluble
material to temperatures in the range of 230 to 400 °C for 10 minutes. Heating of the insoluble
fraction was carried out above its melting point in order to liquefy the mixture and allow for the
mesogens to orient themselves and form mesophase. In 1981, Greenwood [52] introduced a
method for producing narrower pitches via solvent extraction. In this method, the pitch is first
dissolved in quinoline, and the insoluble portion is filtered from the solution. These insolubles
were extracted in order to remove the highest-melting mesogens and other impurities (ash)
from the pitch. A pitch treated via this method was said to be “fluxed”. The quinoline-soluble
portion of the pitch was then treated with weaker solvents to precipitate the mesophase.
The methods presented above have been successful in producing pitches of high
mesophase content; however, none of them are adequate for obtaining products of “true”
controlled molecular composition. For instance, when either heat treatment or solvent
extraction is applied to an isotropic pitch, the final product still contains species with a wide
range of mol wts, including very heavy species that, upon heating, may result in the formation of
coke.
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Another approach to the fractionation of pitches consists of using the unique properties
exhibited by supercritical fluids (also called dense gases), i.e., fluids that exhibit solvent power
similar to liquids and mass transport properties similar to gases [53]. Industrial applications of
supercritical fluids include decaffeination of coffee beans, extraction of flavors from hops, and
essential oils and pharmaceutical products from plants. Compared to liquids, extractions carried
out with supercritical fluids are faster due to the low viscosities and high diffusivities. In
addition, the extraction selectivity can be controlled via the density of the solvent used.
Researchers have also used supercritical/dense-gas extraction in the multistage, counter-current
mode to extract components from natural matter, such as edible oils; to break an azeotrope,
such as water-ethanol; to fractionate polymers; and, as discussed in this dissertation, to
fractionate carbonaceous pitches into its respective oligomers. Below, a brief overview on the
use of various extraction methods for separating component mixtures is given, with an emphasis
on counter-current processes, fractionation of oligomers, and supercritical fluids.
Supercritical extraction (SCE) and the fractionation of natural matter is one of the most
studied fields of supercritical fluids [54]. Although solvents such as butane, pentane, and hexane
have been used in this field [55], the most widely used solvent is carbon dioxide, as it is non-
toxic, inexpensive, and easy to separate from the extract. Overall, the use of supercritical fluids
in this field can be separated into solids and liquids processing. Solids processing, the most
studied field [54], is generally carried out in a batch mode, and for this reason it is not
considered here. The processing of liquids, however, is often carried out in multistage, counter-
current extraction columns [56]. For instance, counter-current SCE has been used for extracting
components from edible oils, such as tocopherols [57], essential oils from plants, such as citrus
oil [58], and oligomers from mineral oils, such as paraffin waxes [59,60].
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Counter-current extractions with supercritical and near-critical CO2 have also been used
to extract ethanol and aroma compounds from wine [61], brandy [62], and spirits [63]. Schacht
et al. [64] used a packed column to concentrate ethanol to 99+ wt% from a 70 to 80 wt%
ethanol feed. The counter-current extraction unit consisted of a 6 m height column, of 25 mm
i.d., and 4 m of Sulzer EX packing [65]. Carbon dioxide was used as the extractive solvent at
different solvent-to-feed ratios. The aqueous feed was charged to the middle of the column via
a piston pump, while CO2 entered from the bottom of the column. Solvent and extract were
then separated by pressure reduction. Typical operating conditions were 60 °C and 100 bar
(1500 psig), i.e., above the critical point of CO2 (Tc = 31.1 °C, Pc = 73.9 bar). In general, operating
at higher solvent-to-feed ratios resulted in extracts of higher ethanol purity and raffinates of
lower ethanol concentration [64].
The variable solvent power associated with supercritical fluids has also been used for
polymer fractionation and polymer extraction [66]. Polymerization reactions generally lead to
polymers of varying polydispersity, with mol wts in the range between 200 to a few hundred
thousand g/mol. To a large extent, the final quality of the polymer depends on how broad the
mol wt distribution is [67]. For instance, the energy stored in sheared polymer melts depends
approximately on the seventh power of the mol wt [68], so changes in composition in a polymer
will ultimately affect its properties, including viscosity, durability, and compatibility [69]. The
fractionation of polymers using supercritical fluids was actively investigated in the 1980’s [66]
and 1990’s [67,70-72]. A few fractionation schemes and results have been compiled by McHugh
and Krukonis [66]. Radosz [67], in a patent issued in 1992, disclosed three processes for
fractionating polydisperse polymers; however, no reference to actual results have been found
using such methods. Lastly, we note that no work containing the combined concepts of polymer
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fractionation, counter-current extraction, and supercritical fluids has been published in the open
literature for the past 10 years.
Supercritical fractionation (SCF) of polymers is typically carried using an isothermal,
semi-batch process, where the solvent power is regulated by controlling the extraction pressure
[66,70-75]. According to Saltzman et al. [75], ~ 12 g of the polymer is generally loaded into a
column. The operating temperature is generally above the melting temperature of the polymer,
but below its degradation temperature. The extractions are generally carried out at supercritical
or near-critical conditions, where the solvent power can be regulated to control the extent of
extraction and/or fractionation. Overall, extractions carried out in an isothermal, semi-batch
process are controlled by (1) the extraction pressure and temperature, (2) the solvent-to-
polymer ratio, and (3) the composition of the solvent used. Solvents that improve the solubility
of the polymer are referred to as “co-solvents”, while solvents that decrease the solvent
capacity are called “anti-solvents”. As shown in Figure 1.6, HDPE has been fractionated into 14
fractions using isothermal supercritical extraction with propane [72]. In this case, the
unfractionated material had a polydispersity index (PDI) of 5.0, while the fractions produced had
PDI’s in the range of 1.4 to 3.14. The number average mol wt (Mn) of the starting material was
28,272, while the fractions produced hadMn from 1569 to 268,019.
Solvents that have been used for the supercritical fractionation of polymers include
propane [72, 75], CO2 [74], and propylene [71]. Mixtures of solvents have also been used,
including  CO2 + methanol/ammonia/propane [70], or CO2 + ethanol/acetone/tetrahydrofuran
[73]. Polymers fractionated include polystyrene and poly(ethylene oxide) [73], poly(ethylene-co-
vinyl acetate) [71, 75], and high-density polyethylene (HDPE) [72].
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Figure 1.6 Normalized mol wt distribution of HDPE and fractions produced via isothermal
supercritical fractionation with propane. Reprinted with permission [72], copyright John
Wiley and Sons.
Other polymer fractionation methods using supercritical fluids are shown in Figures 1.7
and 1.8, where both extraction methods consist of a continuous, counter-current process that
can lead to the production of narrow mol wt polymers on a large scale. In Figure 1.7 the
polymer, or polymer solution, enters through the top of the “primary contactor”, while the
extraction solvent enters through the bottom. The extract phase containing a portion of the
feed polymer then exits through the top of the contactor into a series of separators, each one
operating at a slightly lower pressure than the previous one. Although not many applications
have been found using this type of extraction scheme, a company in France, called SEPAREX, has
been manufacturing and using such method in the pharmaceutical, chemical, and food
industries for the past 20 years[76,77].
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Figure 1.7 Continuous fractionation scheme for polymers using supercritical fluids. Reprinted
with permission [66], copyright Butterworth-Heinemann.
Among the three polymer fractionation methods proposed by Radosz [67], the one that
is closest to a counter-current extraction process is shown in Figure 1.8. In this process, a
polymer solution is fed somewhere in the middle of the column, while an anti-solvent is fed to
the top of the column. The reflux in the process is created by both temperature and anti-solvent
concentration gradients along the length of the column. Radosz emphasizes that his invention is
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Figure 1.8 Multistage, counter-current extraction column for polymer fractionation [67].
Reprinted with permission from Maciej Radosz.
different from others because it uses a mixture of supercritical fluids comprised of both co-
solvents and anti-solvents. In this case, examples of anti-solvents are CO2, C1-C3 alkanes and
alkenes, etc. Common co- solvents include C3+ alkenes, alkenes, cyclic, alcohols, and other
solvents compatible with the polymer of interest. The extract exits through the top of the
column and contains the lighter species that are soluble at the extraction conditions.
According to the Radosz patent [67], an increase in anti-solvent concentration decreases
the capacity of the solvent-rich phase, but increases its selectivity (here, selectivity is defined as
the ability of the system to separate two distinguishable species). As discussed in more detail in
Chapter 5, in our work with petroleum pitches a similar concept was used, where toluene was
used as the co-solvent and pentane as the anti-solvent. Lastly, Radosz predicts that for a given
pressure range (100 to 200 bar), an increase in temperature decreases the capacity of the
solvent-rich phase, but increases the selectivity. At higher pressures (250 to 300 bar), the
temperature effect is reversed. As discussed in more detail throughout this dissertation, higher
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temperatures have been found to decrease the solvent capacity and improve the selectivity in
the supercritical/dense-gas extraction of petroleum pitches.
Another notable effort in the fractionation of polymers is that of professor Wolf and co-
workers in Germany. In 1994, Wolf [68] investigated on a process known as continuous polymer
fractionation (CPF), shown in Figure 1.9 (a). In this method, the low mol wt species are removed
from a concentrated polymer solution in a continuous, counter-current, liquid-liquid extraction
column. The solvents of choice are generally compatible with the polymer of interest, but anti-
solvents are used as well. A 10-20 wt% homogeneous polymer solution is fed near the middle of
the column (EA), allowing for both stripping and rectifying of the polymer. Once the polymer
enters the column, phase separation is induced by increasing the solvent-to-polymer ratio. As
shown in Figure 1.9 (b), the phase separation is dictated by the cloud point curve of the polymer
solution. Once the homogeneous polymer solution enters the column, the weight fraction of
polymer is reduced upon contact with the solvent phase, and two phases are formed, a solvent
fraction (SL) and a gel fraction (GL). In addition, by establishing a negative temperature gradient
(-ΔT) across the column, where the top of the column is colder than the bottom, a reflux is
generated, and the purity of the top product is improved [68].
In addition to the solvent-to-polymer ratio and temperature, the composition of the
extractive solvent can be varied in CPF, causing precipitation of the polymer when an anti-
solvent is used. For instance, Wolf [68] uses CPF for fractionating PDMS (poly dimethyl siloxane).
The apparatus consists of a glass column 3 cm in diameter and 2 m in height filled with 8 mm
glass beads. Toluene was used as the solvent and acetone as the anti-solvent. The concentrated
polymer solution (30/52/18 wt% toluene/acetone/PDMS) was fed at 2 mL/min, while the
extractive solvent (20/80 wt% mixture of toluene/acetone) was fed at 4 mL/min. The top of the
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Figure 1.9 (a) CPF apparatus used for fractionating polymers. Mol wt distribution obtained by
gel permeation chromatography, (b) typical cloud point curve for a polymer, and (c) mol wt
distribution of feed and top phase obtained from CPF. Polymer feed (FD), extracting agent
(EA), solvent fraction (SL), gel fraction (GL). Reprinted with permission [68], copyright Wiley-
VCH Verlag GmbH & Co. KGaA.
column was set to 15 °C and the bottom at 25 °C. The extract (SL) yield was reported to be 5.2
wt%, and its composition is shown in Figure 1.9 (c), where the difference in mol wt distribution
between feed and extract is clear.
According to Morariu [69], one of the main disadvantages with CPF is that only polymer
solutions of low concentrations can be used. For higher concentrations, the viscosity of the
solution becomes too high, causing the polymer to go through the column without properly
contacting the solvent-rich phase. In other words, the high viscosity of the polymer reduces
mass transfer to an extent that the polymer-rich phase never reaches equilibria with the solvent
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Figure 1.10 CSF apparatus used for fractionating polymers. Mol wt distribution obtained by
gel permeation chromatography. EA: extraction agent (solvent), FD: Feed Solution, P: pump.
Reprinted with permission [69], copyright American Chemical Society.
phase. One possibility would be to increase the extraction temperature; however, since CPF is
based on liquid-liquid phase separation, an increase in temperature would only cause complete
solubility of the polymer in the solvent-rich phase.
In order to overcome the limitations of the CPF system, the work of professor Wolf has
shifted to an improved method, known as continuous-spin fractionation (CSF) [69,78]. As shown
in Figure 1.10, in this method, the polymer is spun through a spinning nozzle and contacts the
extracting solvent as it comes out. The contact between the polymer and solvent occurs in an
agitated vessel. The threads of the viscous polymer solution disintegrate shortly after it exits the
spinneret into tiny drops of 50 μm. Such small drops increase the contact area between solvent
and polymer, causing equilibria between the solvent- and polymer-rich phases to be achieved
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much faster. The mixture is then separated in a settling column. The solvent-rich phase exits the
top of the column, while the polymer-rich phase exits through the bottom. Note that with CSF,
no counter-current extraction is employed; it is simply a one-stage separation process. For this
reason, it is common to run the polymer-rich fraction (GL) multiple times through the process in
order to obtain narrower fractions. Strangely enough, both Morariu [69] and Ecklet [78] claim
CSF to be better than a counter-current, multistage, extraction process, which leads us to
conclude that with CPF, the mass transfer is in fact the limiting factor.
Although some examples are given in the literature, discussing the uses of both CPF [69]
and CSF [68, 78] in fractionating polymers, the results presented and comparisons made are
limited. For instance, in a recent investigation by Morariu [69], CPF was compared to CSF by
fractionating poly(vinyl methyl ether) (PVME). Unfortunately, the extraction solvent used in CPF
was toluene, while ethanol was used in the CSF, leading to ambiguous conclusions about the
capabilities and limitations of the processes. Also, the GPC chromatograms presented thus far
have yet to demonstrate how polymers of different mol wt distributions can be obtained with
such methods.
After the above discussion on separation techniques, including supercritical/dense-gas
extraction, for oligomers and polymers, one would naturally expect a discussion of how pitches
have been fractionated using such methods. However, this introduction is starting to get too
long, and I am afraid my advisor might fall asleep if I repeat what other students of his have
already covered in their dissertation (he does this all the time in seminar, so there is a history to
consider too!). With that in mind, what follows next is a relatively brief overview of previous
work at Clemson University on the fractionation of petroleum pitches, with an emphasis on the
most recent work of Edwards [27]. For a chronological overview on how other researchers have
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used supercritical fluids for fractionation of pitches, Edwards’ [27] introduction is
recommended.
At Clemson University, Thies and co-workers have been investigating the use of dense
gases and supercritical fluids to fractionate oligomeric pitches for more than 20 years. Because
gases of appreciable density can also exist outside the nominal “supercritical” region and act as
solvents, a more general term than supercritical extraction (SCE) is dense-gas extraction, or DGE.
Other terms, such as “gas extraction” [79] and “destraction” [80] have also been used to
describe the same processes. The advances in fractionation and characterization of pitches in
the Thies research laboratory at Clemson University is summarized in Figure 1.11.
Initial attempts to fractionate pitches were performed in a single-stage apparatus,
where phase-equilibrium data was obtained at near and supercritical conditions. However, this
research was limited in its progress by two factors: (1) the inherent limitations of a single-stage
extraction technique for effecting significant fractionation, and (2) the difficulty of characterizing
any changes in mol wt distribution with the analytical tools available at the time. The
development by Edwards et al. [21] in 2003 of MALDI mass spectrometry for the absolute mol
wt analysis of petroleum pitches, and the acquisition of a MALDI by CAEFF at Clemson
University, were in fact breakthroughs that enabled the subsequent advances (most notably
multistage, counter-current DGE) to occur.
Since 2003, oligomers from synthetic pitches, such as anthracene pitch, and from
petroleum pitches, such as M-50 and A-240, have been isolated via DGE in significant quantities
for both rheological and characterization studies. Significant improvements in the
characterization of pitches have also been achieved. By combining MALDI and MALDI-post
source decay (PSD) with complementary analytical and/or separation techniques, such as prep-
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scale GPC and reverse-phase (RP)-HPLC/PDA, significant advances have been made in identifying
the predominant species (vs. the “average” structures previously proposed [81]) present in pitch
[22-24].
Petroleum pitches were first fractionated at Clemson using a single-stage cell that was
designed and constructed by Roebers et al. [82] and by Hutchenson et al. [83] for measuring
fluid-phase equilibria for mixtures of pitch and toluene at temperatures to 400 °C and 350 bar
(5000 psig). The cell was part of a continuous-flow system that could produce pitch fractions in
large quantities for subsequent analysis and spinning. Prior to use, the feed pitch was
homogenized with toluene in a 50/50 wt% solution and filtered to remove insolubles. The
concentrated pitch solution was first charged to a high-pressure cylinder containing a floating, o-
ringed piston, and was then delivered indirectly via the piston by a working fluid (in this case,
toluene). Toluene as a solvent was pumped separately using a Milton Roy pump (single-piston
pump). These pure solvent and pitch streams were then preheated and mixed in a static mixer.
The pitch/solvent mixture would then enter the center of the view cell, where the phases were
visually observed, through aluminosilicate windows, when operating at conditions of VLE. For
LLE, when both phases are opaque, researchers at Clemson [84,85] developed a method for
determining the liquid-liquid interface based on the difference in capacitance between the two
phases. The level detector consisted of a stainless steel plate placed inside the view cell and
electrically insulated from the cell’s body by ceramic spacers. An AC capacitance bridge was then
wired between the level detector and the view cell.
Meinköhn [86] subsequently discovered that the difference in DC resistance between
phases was much simpler and also more reliable property to both measure and use for liquid-
liquid control, and this is the method still used today by the group. For a typical DGE run, the
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level of pitch (i.e., the heavy phase) inside the cell lowers the resistance between the electrodes,
as pitch is more conductive than the solvent rich-phase. This indirect method of both measuring
and controlling the level of pitch-rich phase inside a high-pressure vessel has proven to be a key
asset in the group’s DGE work. The AC and DC designs of the liquid level detectors are discussed
in more detail in Appendix B.
Given the inherent limitations of a single-stage separation in terms of the purity of the
fractions produced, initial efforts to perform a multistage separation on pitch were taken by
Zhuang et al. [87]. In their work, a stagewise fractionation, similar to the fractionation scheme
shown in Figure 1.7, was employed using the single-stage apparatus available at the time. The
feed pitch to the first stage was Conoco’s isotropic pitch, homogenized in a 50 wt% toluene
solution. In total, five fractionations were carried out at 340 °C with a solvent-to-pitch ratio of
2.0. In the first stage, the extraction with supercritical toluene was carried out at 139 bar (2000
psig), and approximately 6 wt% of the feed pitch was obtained as a pitch-rich, bottom-phase
product. The solvent-rich phase was then re-concentrated to 50 wt% by evaporating some of
the toluene. This phase was then used as the feed to the second stage fractionation, where the
extraction pressure was lowered to 110 bar (1580 psig). This time, ~ 3.5 wt% of the feed was
obtained as bottom phase. Subsequent extractions of the solvent-rich phase (after re-
concentration to 50 wt% toluene feed) were then carried out at 84bar (1200 psig), 71 bar (1015
psig), and 52 bar (740 psig). In this manner, Zhuang et al. were able to collect five fractions that
added up to ~29 wt% of the original, isotropic feed pitch.
In order to analyze the five fractions produced by Zhuang et al. [87] via GPC, the
heaviest samples had to be hydrogenated via Birch reduction in order to increase their solubility
in TCB (e.g., the original solubility of the first fraction obtained improved from 5 to 94 wt %). The
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mol wt distribution of the fractions obtained clearly indicated that the bottom fractions
contained higher mol wt species than the feed pitch. In addition, the atomic C/H ratios and
softening points of the fractions produced clearly indicated that as the extraction pressure was
reduced, the bottom phase became more concentrated with less aromatic species, thus
reducing the softening point of the material. However, because of the limited selectivity of a
single-stage process, no significant difference in mol wt distribution was observed between the
different fractions collected. For instance, the heaviest fraction obtained at 139 bar (2000 psig)
was shown to contain mol wt species lower than 250, within the region of the aromatic decant
oil that was used to make the isotropic feed pitch. Recent analysis of these fractions via MALDI-
TOF (see Edwards’ [27] introduction) confirmed the existence of low mot wt species in his
heaviest fraction and still a relatively broad mol wt distribution.
Multistage extraction for fractionating pitches was first investigated at Clemson
University by Fail [88]. The setup consisted of a semi-batch column, packed with 30 cm (12 in) of
random stainless-steel packing above the stillpot. The feed pitch (up to 5 g) was charged to the
stillpot and extracted with toluene, which was fed up through the pitch charge, from the bottom
of the column. By controlling the extraction temperature and pressure, Fail was able to obtain
relatively pure, low mol wt fractions from the feed pitch (Conoco’s isotropic pitch). In his
fractionation work, Fail also used a positive temperature gradient (+ΔT, i.e., top of the column is
hotter than the bottom) across the column to improve the purity of the solvent-rich phase
(extract). The expectation in using a +ΔT is that the solvent-rich phase becomes hotter as it flows
upwards through the column’s packing, decreasing the solvent power, and causing a pitch-rich
phase to fall out of solution and establish a reflux. However, the actual existence of such reflux
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is another of Dr. Thies’ pet peeve (along with the number of stages and simulation of DGE);
however, as shown in Chapter 5, some evidence of reflux in DGE does exist.
Following the initial work of Fail, Edwards [27] constructed a much improved version of
the semi-batch column, as shown in Figure 1.12. The column consisted of a 1.8 cm i.d. × 115 cm
tall section containing a stillpot, ~70 cm (28 in) of random SS packing, and a reflux finger located
at the top of the column. The temperature of the stillpot, the lower-packed section, upper-
packed section, and reflux finger were controlled independently from each other, thus allowing
for different temperature profiles to be established. To control the extraction pressure, a
regulating valve was used at the top of the column for manipulating the flow of extract
(overhead product). Automation of this regulating valve using LabVIEW allowed for pressure
control of to within ± 2 psig [89]. The apparatus was rated for 400 °C and 208 bar (3000 psig),
allowing for extractions under both VLE and LLE conditions. Note that on previous work with the
single-stage apparatus, Zhuang [90] had noted that at 170 bar (2500 psig), all pitch was
extracted into the solvent-rich phase; thus, pressures higher than the limit of the semi-batch
apparatus are most likely not necessary for pitch fractionations.
To assess the performance of the semi-batch DGE process constructed, Edwards and
Thies [91] first fractionated an isotropic petroleum pitch using toluene as the extractive solvent.
The fractions obtained were characterized by MALDI. The isotropic petroleum pitch was
obtained from Conoco Inc. and was shown by MALDI to be oligomeric in nature, with oligomers
up to pentamer being detected after the removal of monomer and dimer species from the
starting material. A positive temperature gradient (+ΔT) was established across the column such
that the stillpot was at 320 °C (near-critical) and the reflux finger at 360 °C (supercritical). The
extraction pressure was then varied in order to control the solvent power and produce extracts
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Figure 1.12 Schematic of the semi-batch, dense-gas extraction (DGE) apparatus of Edwards
and Thies [91]. The mass spectra for the pitch charge and dimer-rich fraction shown were
obtained with MALDI and represent actual fractions produced.
of varying composition over time. Note that operating pressures were chosen empirically by
using the results from preliminary experiments, more or less the same way it is still done today.
In summary, Edwards and Thies were able to show that a broad mol wt distribution pitch could
be separated into narrow mol wt fractions, i.e., monomer and dimer-rich pitches of up to 90
mol% purity. In addition, when compared to prep-scale chromatography, multistage DGE was
shown to achieve superior purity and flow rates up to two orders of magnitude greater (up to
0.1 g/h)[91].
After successfully demonstrating the functionality of the semi-batch DGE process for
producing pitches of narrow mol wt distribution, Edwards and Thies [92] fractionated a model
anthracene pitch that had been synthesized by the thermal polymerization of pure anthracene
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at 475 °C and 40 bar for 2 h. The MALDI spectra of the resulting pitch is shown in Figure 1.13.
When compared to the M-50 mass spectrum (see Figure 1.1), anthracene pitch is observed to
have an oligomeric distribution that is not only “cleaner”, i.e., narrower mol wt distribution of
each oligomer, but that extends up to octamer [92]. For these reasons, anthracene pitch is
thought to be a good model pitch for understanding DGE. In this work, Edwards and Thies used
semi-batch DGE to obtain relatively pure, gram-sized fractions containing 99 wt% monomer, and
decigram-sized fractions of 90+ mol% dimer and 80+ mol% trimer. However, in a significant
deviation from his first work on semi-batch DGE, Edwards and Thies decided on the extraction
conditions based not only on empiricism, but also on simulations carried out using the HYSYS
simulation package.
For the HYSYS simulations, the anthracene pitch oligomers were defined based on the
work of Scaroni [44] on the thermal polymerization of anthracene. A total of five
pseudocomponents were proposed; the structures used for monomer, dimer, and trimer are
shown in Figure 1.13. The Peng-Robinson (PR) equation was used in HYSYS to model fluid-phase
equilibria; based on both the mol wt and molecular structure of the oligomeric
pseudocomponents, Edwards and Thies [92] used Hutchenson’s [85] correlation to obtain the
pure component PR parameters ac, b, and κ.
In order to simulate the semi-batch extraction process, Edwards [27] cleverly combined
a steady-state simulation in HYSYS with Excel, using a software known as “HYSYS Browser” to
export/import the results from HYSYS into Excel, or vice versa. Thus, at a given set of conditions,
the simulation was initialized using a pitch feed stream composition equal to the composition of
the pitch charged to the column. The results from this first separation were then exported into
Excel, where, by subtracting the extracted material from the initial pitch charge, a new
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Figure 1.13 MALDI mass spectrum of anthracene pitch obtained from thermal polymerization
of pure anthracene and model structures adapted from Edwards and Thies [92]. Predominant
dimer isomer (green box) according to Burgess and Thies [24].
composition in the stillpot was obtained. The new stillpot composition was then exported into
HYSYS as the new composition of the feed stream for the steady-state simulation. The above
process would then continue until a given number of “time steps” were reached (approximately
correlated to the extraction time).
The procedure described above for estimating PR parameters and carrying out
simulations with HYSYS (and Excel) was used in this dissertation for simulating both continuous
one-column (see Chapter 2) and two-column DGE. In fact, simulations (back in 2005) by the
author using HYSYS to model two-column, continuous DGE indicated that both dimer- and
trimer-rich fractions could be produced from an oligomeric petroleum pitch, such as M-50 or A-
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240, with purities greater than 80+ wt%. Isolating dimer- and trimer-rich fractions via two-
column DGE is discussed in more detail in Chapter 5.
Overall, Edwards’ predictions indicated that a negative temperature gradient (-ΔT), i.e.,
hotter at the bottom and colder at the top of the column, improved the purity of the monomer-
rich fractions. On the other hand, for dimer and trimer-rich fractions, a +ΔT was required in
order to obtain improved purities. These observations were supported by constant-composition
phase envelopes generated by HYSYS, where three binary mixtures of toluene + 1 wt%
monomer, toluene + 1 wt% dimer, and toluene + 1 wt% trimer showed that only for dimer and
trimer mixtures was retrograde condensation observed. Note that (1) the weight percentages of
oligomer in each binary are representative of the solvent-rich (extract) obtained with semi-batch
DGE and that (2) the advantage of semi-batch DGE is that pure fractions of each oligomer can be
separated from the charged pitch. For this reason, only binary mixtures were considered by
Edwards and Thies [92].
Even though no results on semi-batch DGE are presented in this dissertation,
understanding the phase behavior of a dilute system does give us some insight into the more
complex phase behavior found in continuous DGE, where the extract may contain up to 30+ wt
% pitch [93]. As shown in Figure 1.14, a constant-composition phase envelope was generated by
the author for the system M-50 – toluene using HYSYS. The dew-point curves of three different
binary mixtures of toluene-oligomer show that for dimer and trimer an extensive retrograde
region exists. In this region, retrograde condensation occurs whereby the dew-point line can be
crossed more than once via an isotherm or isobar.
Because temperature profiles can readily be established in our laboratory along the
length of the DGE column, let us consider the isobar shown in Figure 1.14 (f), i.e., operating DGE
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Figure 1.14 Constant-composition phase envelopes predicted by the PR-EoS, with
Hutchenson’s correlation, for binary mixtures of M-50 oligomers and toluene (1 wt% pitch). (a)
Vapor pressure and (b) critical point of toluene; (c) dew-point curves for 1 wt% monomer, (d)
dimer, and (e) trimer. (f) Retrograde region for trimer mixture at 800 psig.
Figure 1.15 Retrograde condensation/evaporation for toluene with 1 wt% trimer at 800 psig.
Here, the line labeled (a) is the molar vapor fraction of the feed (V/F). The mass fraction of
trimer in the (b) liquid and (c) vapor phases is also given.
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Figure 1.16 Dense-gas extraction apparatus for continuous and semi-batch operation.
Reprinted with permission [94], copyright Elsevier.
at a constant pressure. Starting from the left-side of (f), at T<350 °C, an increase in temperature
will result in a liquid phase once the dew-point line is reached. This phase separation is shown in
Figure 1.15, where the vapor/feed (V/F, molar) decreases from 1.00 to 0.998. The liquid phase is
mainly comprised of trimer, with mass fractions up to 0.75 at 380 °C. This liquid phase generates
a reflux inside the column, improving the purity of the extract. For this reason, establishing a
+ΔT along the column is of interest when operating under supercritical conditions.
After exploring the capabilities of semi-batch DGE for fractionating petroleum and
synthetic pitches, in 2004 Edwards [27] designed and constructed a continuous-flow, counter-
current, multistage apparatus (that could also be used in semi-batch mode). As shown in Figure
1.16, Edwards increased the packing height from 70 to 147 cm. A single-screw extruder with a
metering pump allowed for delivery of molten pitch directly to the column, at flow rates ranging
38
from 20 to 220+ g/h. A dual-piston HPLC pump, capable of flow rates up to 1200 mL/h,
increased the solvent delivery capacity. More importantly, Edwards incorporated the liquid-
liquid level detector design concept used in the single-stage-extraction to the continuous-flow
apparatus, which allowed for controlling the pitch-rich bottom phase in the bottom of the
continuous DGE column.
To explore some of the capabilities of the continuous-flow process, Edwards and Thies
[94] investigated the effect of both temperature and pressure on bottom product (pitch-rich
phase) pitch yield. Note that in this work, the extraction column was operated as a stripper, with
the feed pitch being fed to the top of the column, while the solvent was delivered between the
level detector and the packing. Extraction temperatures varied from 330 to 380 °C, above the
critical temperature (Tc) of the solvent (toluene). Both +ΔT and isothermal temperature profiles
where investigated. Pressure was varied anywhere from near-critical to supercritical, from 35.5
to 83.7 bar (500 to 1200 psig). Overall, bottom product pitch yield was found to be inversely
proportional to the solvent power, or the solvent density. As shown in Chapter 2, the density of
toluene decreases with increasing temperature, but increases significantly with increasing
pressure near its critical point. Thus, as density increases, so does the solvent power, extracting
more of the feed pitch and reducing the bottom product pitch yield. When compared to single-
stage continuous-flow DGE, the new multistage column was observed to yield products of
greater purity and selectivity.
Lastly, Edwards and Thies [94] also correlated theMn of the bottom products obtained
via continuous-flow, multistage DGE with both softening point and atomic C/H ratio. Overall,Mn
was found to be directly related to the C/H ratio of the fractions obtained, i.e., aromaticity of
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the bottom product increases as the low mol wt species are extracted from the feed pitch. In
most cases, softening point of the bottom products was also found to correlate toMn.
Phase Behavior
One important aspect of extractions carried out at near- or supercritical conditions is
the phase behavior of the system of interest, in our case, pitch-solvent mixtures, where in
general the solvents range from light alkanes to aromatics, or mixtures thereof. From 1990 to
2000, Thies and co-workers measured both VLE and LLE [36,84,87] for pitch-toluene mixtures
using a continuous-flow apparatus incorporating an equilibrium view cell. In 1987, Radosz [95],
using a similar apparatus, reported on the existence of a VLLE region, in addition to VLE and LLE,
for an oil-propane system. In 1999, Wince [89] at Clemson University was able to detect a region
where VLLE existed for the pitch-toluene system at pressures and temperatures near the critical
point of pure toluene (Pc = 41 bar (580 psig), Tc = 319 °C). In both cases we note that the pitch
and “oil solutions” are multicomponent systems encompassing a large number of hydrocarbons,
and not a well-defined chemical compound. Thus, the discussion that follows on the phase
behavior of pitch-solvent mixtures assumes the system to be binary, where the “pitch” behaves
as a single component that is poorly defined, while the “solvent” is a well-defined alkane or
aromatic, such as pentane or toluene. Although the phase behavior for multi-component
mixtures is much more complex, binary behavior (or pseudobinary) can serve as guidance for
understanding how DGE works.
In order to define the class of phase behavior present in pitch-toluene systems, let us
first consider three of the six principal classes of phase diagrams [96], best differentiated by
considering their P-T projection. As shown in Figure 1.17 (a), Type I mixtures exhibit a
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continuous gas-liquid critical line, also known as “critical loci”, and complete miscibility of the
liquid phases at all temperatures. In the case of pitch-toluene, pitch is the liquid phase while
toluene is the “dense gas”. For Type I behavior, substances should be chemically similar and
have comparable critical temperatures and pressures. This type of behavior is common with
non-polar binaries, e.g., methane-ethane and benzene-cyclohexane. Type I mixtures have been
observed to shift to Type V behavior when components differ significantly in size, or critical
properties. For instance, with methane, such a shift occurs in a binary with C6 (n-hexane); with
ethane it occurs with C19 (n-nonadecane), and with propane it is expected to occur between the
C40 and C50alkanes [96].
As shown in Figure 1.17 (c), Type V mixtures exhibit liquid-liquid immiscibility, where the
critical locus changes to liquid-liquid between the lower critical end point (LCEP) and upper
critical end point (UCEP). Thus, for Type V mixtures, a region of VLLE occurs between
temperatures T1 and T2. An increase in pressure starting from the VLE region, between
temperatures T1 and T2, would first intersect the VLE-VLLE phase boundary. At higher pressures,
the gas phase may disappear, and only LLE would exist. Further increases in pressure would
ultimately cross the liquid-liquid critical loci, resulting in a single-phase. Examples of Type V
binaries include ethane – 1,3,5-trichlorobenzene and ethane – 1,4-dichlorobenzene [96].
When mutual immiscibility of the two components becomes sufficiently great, the locus
of the liquid-liquid solution moves to much higher pressures. As shown in Figure 1.17 (b), Type
III mixtures have a VLLE region that extends to temperatures below the critical point of the light
component (“solvent” in Figure 1.15). Above the VLLE region, at higher pressures, LLE occurs. At
even higher pressures, a critical locus might exist. At temperatures past T2, the critical locus of
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Figure 1.17 Typical P-T projections for Type I, III and V binary mixtures [96]. Solid curves
“Solvent” and “Pitch” are the vapor-pressure curves for the two components of interest. CP is
the critical point of the pure components.
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the liquid-liquid merges with the gas-liquid critical curve. Many mixtures have been observed to
have Type III behavior, such as CO2 – squalene (C30) and methane – toluene [96].
For pitch-toluene mixtures, the VLLE region observed in Types III and V phase behavior
have yet to be properly identified, i.e., the UCEP, LCEP, and obtain P-X compositions. Wince [89]
has been the only researcher from Thies’s group to make any observations regarding this region.
For this reason, let us first consider the work of Radosz [95] on multiphase behavior of oil
solutions in light hydrocarbons.
Radosz’s work [95] was carried out in a single-stage, continuous-flow equilibrium view
cell. Two types of oils were tested, a “light” and a “heavy” one. In addition to propane, butane
was also used as solvent. VLE, VLLE, and LLE were visually distinguished in the view cell. This was
possible because of the differences in size and mol wt between the solvents and oils, resulting in
extracts that were dilute, with oil concentrations lower than 8 wt %. Overall, Radosz
investigated the effect of solvent-to-oil ratio and both oil and solvent compositions on the
location of UCEP and LCEP in the VLLE region. For instance, lighter oils were observed to
increase the LCEP, while the UCEP remained unaffected. In fact, the UCEP was observed to be
close to the CP of the pure solvent and always above it. Thus, lighter oils would shrink the VLLE
region, ultimately leading to a change in Type V to Type I behavior. Similar observations were
made with respect to solvent composition and solvent-to-oil (S/O) ratios, i.e., heavier solvents,
or high S/O ratios, would cause the VLLE region to become smaller until the VLLE region would
disappear.
Differently from Radosz’s [95] oil-alkane systems, the two liquid phases obtained with
pitch-toluene systems cannot be visually distinguished because the phases are opaque. As
discussed previously, the differences in DC resistance between the phases is the principle
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Figure 1.18 Equilibrium data obtained for pitch-toluene system as observed by Wince [89].Pure
toluene vapor pressure and critical point (CP) shown for comparison. (a) Region where 3 phases
occur and (b) region where only 2 phases are observed. Figure adapted from Wince [89].
behind the level detector used for locating the phase boundary in such systems. Using such a
device, Wince [89] was able to detect the existence of VLLE based on the fact that (1) both the
vapor and light liquid phase had considerably higher resistivity than the heavy, pitch-rich liquid
and (2) the vapor and light liquid phase could be visually distinguished. Wince’s observations are
summarized in Figure 1.18. Briefly, Wince demonstrated how the three-phase region could be
located by operating the view cell at conditions where VLE existed, close to, but below the
critical point of toluene, as shown in Figure 1.18 (a). The liquid phase would then be allowed to
accumulate up until the middle of the view cell. At this point, the pitch level inside the view cell
would be monitored by maintaining the level detector at a constant resistance (see (b) from
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Figure B.8). The pressure would then be increased until it crossed the VLE-VLLE boundary, where
a second liquid phase would appear, slowly displacing the vapor phase on top of it. The
transition from LLE to VLLE was also demonstrated by Wince by starting at conditions where LLE
exists and then lowering the pressure until a vapor phase appeared. Lastly, Wince also described
the phase transition from VLE to LLE when operating at 366 °C, i.e., above the critical point of
toluene as shown in Figure 1.18 (b). According to Wince, “As the pressure is increased, the vapor
phase in the upper portion of the extraction cell fades from clear, to red, to black as the top-
phase’s density changes from vapor-like to liquid-like”. Thus, the UCEP of the pitch-toluene
system is located below 366 °C, most likely close to the critical point of the solvent as observed
by Radosz [95].
In summary, Wince’s experiments showed that a VLLE region existed at pressure and
temperature ranges of approximately 34 to 46 bar (475 to 650 psig) and 310 to 330 °C,
respectively. Although Wince’s work on locating the phase boundaries for pitch-toluene systems
was an interesting study, little work has been done since to locate the extent of the VLLE region
and obtain the composition/mass fraction of pitch in the phases, or to locate the UCEP and
LCEP. Overall, this was probably a reasonable decision by the Thies group, considering the low
pressures at which the VLLE region occurs, which most likely would result in two liquid phases of
broad mol wt distribution and pitches with uninteresting physical properties, such as low
softening point and low mesophase percentage. In any case, based on Radosz’s [95]
observations with light oils and alkanes, the UCEP may be predicted to be close to the critical
point of pure toluene, while the LCEP may or may not exist, depending on the solvent-to-pitch
ratio used, as high S/P ratios may cause a change in phase behavior.
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Outside the VLLE region, pitch-toluene mixtures have been extensively investigated by
Thies and co-workers [83,85,97,98] using the single-stage view cell. In summary, the solvent
strength below critical conditions, in the VLE region, is too low and does not extract enough of
the low mol wt species present in the feed pitch. Operating in the VLE region might be of
interest if an extract pure in low mol wt species is desired, such as a monomer-rich fraction
[22,84]. Nevertheless, the P-X data shown in Figure 1.19 confirms that at low pressures, the
pitch-toluene system displays VLE behavior, and not VLLE. Thus, Type III phase diagram, shown
in Figure 1.17 (b) may not properly represent this system.
Figure 1.19 Measured phase-equilibrium compositions for A-240 - toluene system at 322, 361,
400 °C. Reprinted with permission [84], copyright Elsevier.
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Above the VLE and VLLE regions discussed so far for pitch-toluene systems, a region of
LLE exists, where mesophase pitches have been obtained [97,98]. In order to produce pitches
that can be used as precursors for carbon applications, the extraction must be carried out above
the critical point of toluene, i.e., at conditions where LLE occurs. As shown in Figure 1.20,
extractions carried out for the pitch-toluene system above the critical point of toluene yield
pitch-rich fractions in the LLE region that are low in toluene content in comparison with the VLE
data shown in Figure 1.19. Note that for none of the pressures and S/P ratios shown in Figure
1.20 does the mass fraction of the phases approximate each other, which would be expected if
the pitch-toluene behaved as a Type I or V system. The only hint that a critical loci might exist is
an observation from Zhuang [87] that at 340 °C and 170 bar (2500 psig), all pitch was extracted
by the solvent-rich phase.
Figure 1.20 Continuous-flow, single-stage phase equilibrium mass compositions for pitch-
toluene mixtures at different temperatures and pressures and various S/P ratios. Reprinted with
permission [97], copyright Elsevier.
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Therefore, based on the preceding discussion, pitch-toluene binaries are most likely
Type V systems. However, a shift from Type V to I is likely when the S/P ratio is high as observed
by Radosz [95]. For practical purposes, operating under LLE is more desirable in most instances
because the solvent-phase is strong enough to extract significant portions of a pitch. Lastly, even
though Type III was discarded because at low pressures only VLE was observed, at high
pressures it might represent better the behavior of pitch-toluene since no critical loci has been
properly identified in the LLE region.
In terms of continuous, multistage DGE, the focus of this dissertation, operating under
VLE might be of interest if low mol wt species (e.g., monomer) are to be extracted. Operating
under VLLE wouldn’t be of interest because (1) as discussed above, the composition of the
phases wouldn’t be of interest and (2) the middle phase would accumulate above the heavy
phase until the column became flooded (unless the column is modified). Thus, most of the
fractionation work presented in this dissertation is on the LLE region.
Dissertation Outline
Previous investigations have shown that the molecular composition of the pitch
precursors impact the performance of the final carbon product. To this end, pitches have been
fractionated via liquid-liquid extraction, gas sparging, and supercritical fluids. In all cases,
though, the processes investigated are either limited by selectivity, such as in single-stage
extractions, or by yield, such as in semi-batch or prep-scale chromatography.
Thus, the general purpose of this research was to further investigate the use of a
multistage, dense-gas extraction process for fractionating pitches into narrow mol wt products.
48
The setup consists of a continuous-flow, counter-current, packed column that uses solvents
under both near and supercritical conditions.
More specifically, this work seeks to continue the work initiated by Edwards [27] with
multistage supercritical/dense-gas extraction of petroleum pitches, isolate significant quantities
of pure oligomers, and understand the effect of operating conditions on yield and purity of
products obtained via this method.
In Chapter 2, a continuous DGE apparatus was used to fractionate both M-50 and A-240
pitches. The main goal of this work was to reproduce the results initially obtained by Edwards
[94] and attempt to simulate the extraction process using HYSYS. The extraction column was
operated as a stripper, with the feed pitch being fed to the top of the column. Toluene, the
extractive solvent, was used under both near- and supercritical conditions and was fed to the
bottom of the column. Isothermal operation at 330, 350, and 380 °C was investigated, as well as
operation with a linear positive temperature gradient (+ΔT), with the bottom of the column at
330 and the top at 380 °C. Composition of the bottom products was obtained via MALDI mass
spectrometry.
In Chapter 3, a continuous-flow DGE apparatus was used to fractionate M-50 and
produce pitches of varying composition and mesophase content. Once again, the extraction
column was operated as a stripper. With the extraction temperature at 350 °C and the solvent-
to-pitch ratio at 5.1/1, pressure was used to control the solvent power of toluene. Operating
pressures ranged from 57.9 to 63.1 bar (825 to 900 psig). In addition to one-column DGE, a two-
step DGE process that emulates an actual two-column-in-series DGE process was proposed.
Preliminary results of such a process are shown, and a middle cut, containing primarily dimer
and trimer was produced.
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In Chapter 4, the concept of two-column fractionation was explored even further. The
goal of this chapter was to validate a continuous process for producing dimer-rich pitches, i.e.,
pitches of high purity and narrow mol wt distribution. In the first column (Col-1), the effect of
pressure, temperature, and solvent-to-pitch ratio were considered in order to optimize the
operating conditions such that a top product (i.e., the solvent-rich phase or extract) contained
primarily monomer and dimer oligomers and a minimum amount of trimer and heavier species.
This extract was then fed to a second column (Col-2) operating as a low-pressure stripper. In
Col-2, the monomer was separated from the dimer, resulting in a dimer-rich product that was
collected as a bottom product.
In Chapter 5, a two-column, continuous DGE process was investigated for producing
both dimer- and trimer-rich pitches. To this end, the effect of feed pitch location and solvent-to-
pitch ratio on purity and yield of top and bottom products were investigated. In contrast to
earlier DGE operation, Col-1 was operated as a stripper/rectifier, i.e., with the feed pitch being
feed to the lower 1/3 of the packing. Also, in the case of dimer-rich pitches, the top product
from Col-1 was first sent to an evaporator in order to obtain a concentrated pitch solution,
which is then sent to Col-2. Pentane and pentane-toluene mixtures were then used in Col-2 to
separate monomer from dimer. In the case of trimer-rich pitches, the evaporator is bypassed,
and the top product of Col-1 (containing monomer, dimer, and trimer) was sent to Col-2, where
supercritical toluene was used to extract both monomer and dimer, and precipitate a trimer-rich
product that accumulates in the bottom of the column.
Lastly, in Chapter 6, the conclusions of this dissertation and recommendations for future
work are made.
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Figure 2.1 MALDI mass spectrum of M-50 petroleum pitch. Note that the area under the curve
has been normalized to sum to 1.0 in this and all subsequent spectra.
CHAPTER TWO
CONTROL OF THE MOLECULAR WEIGHT DISTRIBUTION OF
PETROLEUM PITCHES VIA DENSE-GAS EXTRACTION
Introduction
Because they are produced as a by-product of crude oil refining, petroleum pitches are
an inexpensive source of carbon, containing 90-95% carbon by weight, and can serve as
precursors for a wide range of advanced carbon materials.  Potential and existing uses for these
materials include activated carbon fibers and high thermal conductivity carbon–carbon
composites [1,2]. Petroleum pitches are produced by the thermal polymerization of an aromatic
oil feedstock; thus, they are oligomeric in nature and consist of a molecular weight distribution
(MWD) of polycyclic aromatic hydrocarbons, with methyl and naphthenic substitution
commonly occurring [3,4].  The mass spectrum of M-50, a commercially available pitch from
Marathon Petroleum Company LLC, is shown in Figure 2.1.
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Researchers have long recognized that the molecular weight (mol wt) of the pitch plays
an important role in its suitability for a given application [5], but measuring and controlling that
mol wt has always been a difficult task.  With the advent of matrix-assisted laser desorption–
ionization time-of-flight mass spectrometry (MALDI) and its application to pitches [6], significant
progress has been made in determining the mol wt of pitches (e.g., see Figure 2.1).  Thus, an
opportunity for control of the mol wt and MWD of pitches now exists.
To this end, our group [7,8] is investigating the use of dense-gas extraction (DGE) for the
fractionation of petroleum pitches. Although the DGE concept is not new [9,10], its application
to petroleum pitches, with the goal of controlling MWD, is.  In this chapter, we examine the DGE
of a pitch that has only recently become commercially available, M-50. Supercritical toluene (Tc
= 318.6 °C, Pc = 41.1 bar) was used as the dense-gas solvent, and a range of operating
temperatures and pressures was explored, with their effect on both bottom product yield and
MWD being of particular interest. In addition, a process simulation of our DGE process was
performed, with the necessary pseudocomponents being defined using analytical
characterization information on pitch fractions obtained by DGE.
Experimental
Materials
Isotropic petroleum pitches were obtained fromMarathon Petroleum. Two pitches
were used: A-240 (CAS 68187-58-6) and its recent replacement, M-50 (same CAS No.), with
reported softening points ranging from 104-124 °C. The pitches were received in pellet form
and used without further modification. HPLC-grade toluene (CAS 108-88-3) with a stated purity
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Figure 2.2 Dense-gas extraction apparatus for continuous fractionation of pitches.
of 99.9% was obtained from Fisher Scientific. For MALDI analysis, 7,7,8,8-
tetracyanoquinodimethane (CAS 1518-16-7) was obtained from TCI America.
Experimental apparatus and procedure
Dense-gas extraction of the pitches was carried out using a setup designed for
continuous operation at temperatures to 400 °C and pressures to 200 bar, see Figure 2.2. As a
detailed discussion of the apparatus and procedure is given elsewhere [8], a truncated
description is given here. The central feature of the apparatus is a countercurrent, multistage
packed column, which has a total height of 2.03 m and an inner diameter of 1.8 cm. 1.47 m of
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the column length is filled with 4-mm random packing (Cannon Instrument Co., part no. 3947-
A20). The temperature of the column can be controlled for either isothermal operation or a
positive temperature gradient from the bottom to the top of the column.
For a typical DGE run, the feed pitch is delivered to the top of the column in the molten
state (T ~300 °C) at a flow rate of 117 g/h via a single-screw extruder (Alex James and Assoc.,
Model AJA 58) and metering pump (Zenith Pumps, Model HPB, 0.160 ml/rev). The dense-gas
solvent (in our case toluene) is compressed to column operating pressures via an HPLC pump,
preheated, and delivered to the stillpot (i.e., the section of the column below the packing) at a
rate of 598 g/hr. Thus, a constant solvent-to-pitch (S/P) ratio of 5.1/1 was used for all
experiments. The entering temperature of the solvent is set equal to that of the stillpot. As the
solvent flows up and the pitch flows down the column (due to density differences), lower mol wt
species are stripped out of the pitch feed and into the solvent phase.  In addition, a fraction of
the compressed, dense-gas solvent is absorbed into the pitch phase.  Thus, a solvent-rich phase
containing extracted pitch species is taken off as top product, and a pitch-rich liquid phase
containing the unextracted pitch species is taken off as bottom product.  The top phase also
contacts a reflux finger after exiting the top of the packing, which can be maintained at a
different temperature than the column, inducing reflux down the column and thus improving
overhead product purity.
Column pressure and the flow of overhead product are controlled by means of a
regulating valve (Autoclave Engineers, part no. 30VM4082-GY). Complete separation between
the two liquid phases is ensured by the use of a liquid level detector located in the stillpot (see
Figure 2.2). The custom-built detector operates on the basis of the difference in DC electrical
resistance between the solvent-rich top and pitch-rich bottom phases. The bottom-phase
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product exits the column, is expanded to atmospheric pressure through a regulating valve
(Autoclave Engineers, part no. 30VM4081-GY), and is collected.
Temperature control of the column is broken into three independent zones (top,
middle, and bottom), each of which is heated by a PID-controlled band heater clamped to an
aluminum jacket. The temperatures inside the column were measured in the different zones
with Type K thermocouples, and the column pressure was measured with a pressure transducer
(Heise, Model HPO). Column pressure control was automated by connecting a DC servomotor
and gear reducer (ECM Motor Co., Model 5471), actuated by a National Instruments NuDrive
motion control device (Model 4CX-001), to the top regulating valve.
Samples of both the top and bottom products were collected in glass containers
immersed in an ice bath so that minimal solvent losses occurred. Sampling times were 20-45
min, with sample amounts ranging from 200 to 600 g (5-100 g on a solvent-free basis) for the
top and 7 to 100 g (6-70 g on a solvent-free basis) for the bottom products. For a given DGE
operating temperature, pressure, and S/P ratio, triplicate samples were typically collected.
After collection, samples were dried both to determine solvent composition and to
prepare them for analytical characterization. Samples containing more than 30 wt % solvent
(mostly top products) were dried by placing the sampling jars in an oven under nitrogen purge
and then ramping the temperature to 100 °C, 120 °C, 140 °C , and 160 °C in 12-h intervals.
Samples containing less than 30 wt % solvent (mostly bottom products) were first dried at 150
°C and 2 mbar for 30 min, and then at 20 °C above the softening point of the sample and 267
mbar for 30 min.  The latter procedure was developed by Dauché [11] and was shown to
effectively remove the solvent without altering the composition of the samples.
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MALDI analysis
Pitch fractions produced by DGE were analyzed for absolute molecular weight using a
Bruker Daltonics Autoflex MALDI-TOF mass spectrometer. The instrument was operated in the
reflector mode, with the target plate being positively charged at 19.0 kV, the secondary ion
source set at 17.5 kV, the lens at 7.67 kV, and the reflector at 20.0 kV. Other instrument
parameter settings were as follows: pulsed ion extraction at 80 ns, matrix suppression up to 250
Da, detector gain at 5.0x, and a resolution of 2.0. For all spectra presented in this work, the
laser power was varied from 13 to 16% of total power. For sample preparation, approximately
10 mg of a given analyte was combined with 200 mg of the matrix TCNQ, and the two were
mixed together for 5 min using a grinding mill (Thermo Electron Corp., model Wig-L-Bug). A thin
film of the powder obtained was then deposited onto a target cell using a technique developed
in our laboratory and explained in detail elsewhere [6].
Selection of the optimal laser power was by trial and error until satisfactory peak
intensities were obtained without significant loss of resolution due to excessive laser power.
Each spectra presented here is a summation of 250 laser shots carried out at a rate of 20 Hz.
Because MALDI data does exhibit some day-to-day variation, the mass spectra of samples to be
compared were obtained on the same day using the same instrument parameters.
Results and Discussion
Effect of solvent power on yield and composition
The effect of DGE operating temperature and pressure on the fraction of the feed pitch
that is not extracted and ends up as bottom product (i.e., the bottom-product pitch yield) is
shown in Figure 2.3. A-240 pitch was the feed pitch for all but the 350 °C isotherm, which
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Figure 2.3 Bottom-product pitch yield for both isothermal and +T operation.  Pure solvent
(toluene) densities at the three isothermal temperatures are shown as solid lines.
includes runs with both A-240 and M-50. The solvent-to-pitch (S/P) ratio was held constant at
5.1/1 for all runs shown. Isothermal operation of the DGE extraction process at 330, 350, and
380 °C is shown, as well as operation with a linear positive temperature gradient (+T), with the
bottom of the column (including the stillpot and bottom third of packing) at 330, the middle
third of packing at 350, and the top third of packing and reflux finger at 380 °C. Pure solvent
(toluene) density isotherms are also shown for comparison [12]. As seen from the three mixture
isotherms, higher operating pressures (and the commensurate increase in pure solvent
densities) result in increased extraction of the pitch into the solvent phase, and thus lower
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bottom-phase pitch yields. The dramatic decreases in yields that occur at 330 and 350 °C take
place near the critical points of the mixtures [9].
An increase in temperature at constant pressure increases pitch volatility but decreases
solvent power. As shown in Figure 2.3, at pressures up to about 50 bar volatility effects
dominate, and the fraction of pitch extracted is higher (and bottoms yield is lower) at 380 C
compared to the other temperatures. However, above 50 bar the situation is reversed, as
solvent effects dominate and the fraction of pitch extracted at 380 °C is lower (and bottoms
yield is higher).
A more complex yield behavior is observed when a +T (labeled as “330-380” in Figure
2.3) is used. Compared to isothermal DGE conditions, +T yields are generally lower, are
relatively constant, and increase (vs. decrease) with increasing pressure. Note how at pressures
near 50 bar, yields similar to those obtained isothermally at 330 C and 50 bar are obtained;
near 60 bar, yields similar to those obtained isothermally at 350 C and 60 bar are obtained; and
near 70 bar, yields similar to those obtained isothermally at 380 C and 70 bar are obtained.
Furthermore, over the entire range of measured pressures, yields with a +T are in the 5-25%
range, conditions that produce bottom products with softening points desired for processing
into carbon materials [2,4].
In Figure 2.4, the experimentally measured pitch compositions of the pitch-rich bottom
phases and solvent-rich top phases exiting the column (i.e., the bottom and top products) are
plotted vs. column temperature and pressure. As expected, the solubility of pitch in the top
products increases with pressure at constant temperature, with the increase being more
significant for the 330 and 350 C isotherms near their mixture critical points.  Note that if
essentially all of the pitch were to dissolve in the solvent phase, the wt fraction of pitch would
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Figure 2.4 Mass fraction pitch in top and bottom products for both isothermal and +T
operation.
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reach 0.164, corresponding to a S/P ratio of 5.1/1. The solubility behavior of the bottom
products is more complex.  Initially, increases in pressure increase the solubility of solvent (and
thus decrease the concentration of pitch) in the bottom phase, but the solubility then reaches a
maximum and subsequently decreases with increasing pressure. This change in bottom-phase
pitch composition with pressure is consistent with a transition from vapor-liquid to liquid-liquid
equilibria, as predicted by the SAFT equation of state [13].
Figure 2.4 shows that for a +T, both top- and bottom-product pitch compositions are
relatively constant with respect to pressure, decreasing slightly as the pressure is increased from
50 to 70 bar.  Such an increase in solvent composition with pressure in the bottom phase is
consistent with the increase in yield (and thus in the concentration of low mol wt pitch species
in the bottom phase) observed in Figure 2.3.
Temperatures and pressures reported above are estimated to be accurate to 2 C and
0.21 bar, respectively.  Bottom-product pitch yields reported in Figure 2.3 are estimated
to be accurate to 1.3 wt %, and top- and bottom-product compositions in Figure 2.4 to 0.4
and 1.8 wt %, respectively. Finally, we note that the effect of using two different types of pitch
for the 350 C isothermal data was minimal and is included in the experimental uncertainties
reported above. Such a minimal impact of switching pitches was expected, based both on our
MALDI analyses of the two pitches and on statements by the manufacturer that M-50 is
intended as a direct replacement for A-240 [14].
MALDI spectra of DGE bottom products
MALDI mass spectra of the bottom products generated by DGE at both isothermal and
+ΔT conditions are given in Figures 2.5 and 2.6. The oligomeric nature of the feed pitch and
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pitch fractions is obvious, and we have used our knowledge of the mechanism of pitch
formation [6] to define the monomer species as covering the mol wt range of 190 to 388, the
dimer species from 388 to 645, the trimer species from 645 to 890, the tetramer species from
890 to 1120, and the pentamer species from 1120 to 1500 (see Figure 2.1). Because we have
yet to establish a quantitative relationship between peak intensity and species mass (this is an
active area of MALDI research in general [15]), results are presented here in terms of a
normalized instrument intensity, with the total area under each curve summing to one. Thus,
the curves shown give MWDs and number-average mol wts (Mn) based on area, and not on
mass or mole number.  We note, however, that work in progress by our group has established
that peak height/area does roughly correlate with mole number.
An example of the changes in the MWDs of bottom products that occur with increasing
operating pressure during isothermal DGE operation is given for 350 °C in Figure 2.5. Results for
the other two isotherms are available upon request. Salient features in the figure include the
partial and then complete removal of monomer from the feed pitch at 52.7 and 57.9 bar,
respectively, and the monotonic decrease in dimer concentration with increasing column
pressure.  Significant, monotonic increases in trimer and tetramer concentration are also
observed. Comparing these results to Figure 2.3, we see that significant changes in the MWD of
pitch fractions can occur with only modest changes in the bottom pitch yields.  This feature
would be advantageous for a commercial process, as product yields need to be maximized.
As shown in Figure 2.6, completely different behavior is observed with a +ΔT:  Increases
in column pressure lead to increases in dimer and decreases in trimer and tetramer
concentrations; furthermore, the Mn of the isolated fractions are much higher than for the
isothermal case.  The gradual increases in bottom-product yield with pressure observed in
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Figure 2.5 MALDI mass spectra of bottom products from dense-gas extraction at 350 °C.
Increasing pressure increases the average mol wt of bottom products.
Figure 2.6 MALDI mass spectra of bottom products from dense-gas extraction operating with a
+T.  Increasing pressure decreases the average mol wt of bottom products.
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Figure 2.3 indicate that the increase in dimer concentration more than compensates for the
decrease in higher mol wt oligomers.  The seeming paradox of a lower mol wt product and a
higher product yield being obtained with increasing pressure can be explained in terms of the
competing effects of solvent power and co-solvent interactions as follows:  At lower operating
pressures (e.g., 49.3 bar), only about 20% of the entering feed pitch is extracted into the top
(380 °C) section of the column (see Figure 2.3).  Thus, as the remaining pitch reaches the middle
(350 °C) and bottom (330 °C) sections, where the solvent power is greater, enough monomer
and dimer are still present to dissolve in the solvent and further increase its power through co-
solvent effects. As a result, essentially all monomer and dimer species are extracted in the rest
of the column, and only the highest mol wt species are present in the bottom product. On the
other hand, at higher operating pressures (e.g., 69.9 bar) about 70% of the entering feed pitch is
extracted in the top (380 °C) section of the column (see Figure 2.3).  This includes most of the
monomer and a major portion of the dimer species. Thus, in the middle and bottom sections of
the column, the solvent power is not increased significantly through co-solvent effects, and
extraction of the dimer portion of the pitch is incomplete.  Thus, operating the column with a
+ΔT allows for the most selective extraction of pitch components, with each section of the
column playing a role in the extraction of specific pitch oligomers.
Process simulation of DGE process
Process simulation of the DGE of petroleum pitches was carried out using HYSYS
(Aspentech, Version 2004.1, 13.2.0.6510). The "Absorber" setup with 15 actual stages was used
(both stripping and absorption processes are modeled in HYSYS with the Absorber setup, and
both occur to a significant extent in our DGE process).  Setting the column efficiency to 70% (to
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give 10.5 equilibrium stages) gave results in reasonable agreement with the experimental data,
while assuming significantly higher (100%) or lower (20%) efficiencies gave significantly poorer
agreement. Our DGE column was modeled isothermally and in the steady-state mode, with
toluene being feed in from the bottom, feed pitch from the top, and top and bottom product
streams (see Figure 2.2). DGE operation with a +ΔT was not performed at this time. No reflux
stream was specified, as it is of minimal importance when the pitch is fed into the top of the
column during steady-state operation. Feed flowrates and temperatures were set equal to the
experimental setup. The Peng–Robinson (P-R) equation of state was used to model the system
phase equilibria.
The feed pitch was defined by dividing the MALDI spectrum of the M-50 feed pitch
(Figure 2.1) into 10 pseudocomponents, with two “slices” being used for each oligomer, from
monomer through pentamer.  (Defining the feed pitch in terms of 5 and 21 pseudocomponents
was also evaluated, with 5 giving decidedly poorer results and 21 unnecessarily slowing down
the simulation runs with little improvement in results.) The mole fraction of each
pseudocomponent (i.e., each slice) and its average mol wt was then calculated by assuming that
spectrum area fraction equals mole fraction (see Table 2.1). Next, the atomic C/H ratio for each
pseudocomponent was estimated from a correlation developed in our laboratories that relates
the mol wt of pitch fractions generated by DGE (and determined by MALDI) to their C/H ratio
(determined by elemental analysis) [8]. Finally, a molecular structure for each
pseudocomponent was proposed, consistent with the mol wt and C/H ratio calculated above,
and with the fact that the alkyl substituent groups in petroleum pitches are primarily methyl
groups [3,16].  Proposed structures for pseudocomponents 1, 6, and 10 are given in Figure 2.7
and illustrate the highly condensed polycyclic aromatic nature of our pitch fractions.
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Table 2.1 Physical and chemical properties, mole fractions, and interaction parameters for the
ten pitch pseudocomponents.
Pseudo- Mol Atomic Area / Mol
component Wt C/H Ratio Fraction in Pitch Tc (°C) Pc (bar) ω kija
PC1 246 1.06 0.104 658 23.4 0.56 0.012
PC2 334 1.18 0.132 746 18.8 0.69 0.020
PC3 449 1.25 0.184 810 14.8 0.85 0.029
PC4 573 1.41 0.248 865 12.2 1.03 0.036
PC5 697 1.53 0.100 901 10.3 1.22 0.043
PC6 821 1.63 0.114 919 8.9 1.46 0.048
PC7 957 1.73 0.053 950 7.8 1.63 0.090
PC8 1067 1.85 0.035 967 7.1 1.81 0.090
PC9 1213 2.02 0.024 987 6.3 2.06 0.090
PC10 1410 2.17 0.006 1005 5.5 2.41 0.090
a)  PC–solvent kij's
We then used Hutchenson’s correlation [17], developed expressly for petroleum
pitches, to generate the pure component P-R parameters ac, b, and  from the molecular
structure of each pseudocomponent (PC).  These parameters were readily converted via P-R into
Tc, Pc, and the acentric factor  for input into HYSYS, with HYSYS’s cubic correlation for  from 
being used in lieu of the original P-R quadratic correlation.  The pure component parameters as
determined for all 10 PCs are given in Table 2.1.  For toluene, the necessary P-R parameters
were obtained in the conventional manner, that is, from Tc, Pc, and .
The selection of binary interaction parameters (kij's) for P-R was based on both
experiment and theory.  Experimentally, we had previously determined kij's for two relevant
systems:  toluene–phenanthrene (mol wt = 178) vapor-liquid equilibrium (VLE) at 320-400 °C (kij
= 0.003) and A-240 pitch/toluene VLE at 320-400 °C (kij = 0.09) [18]. Thus, we assumed that
these kij's represented the minimum and maximum values for our lowest and highest mol wt
PCs, respectively.  To determine kij's for our PCs of intermediate mol wts, we used the following
73
correlation from Chueh and Prausnitz [19] for estimating kij's, which follows from London's
theory of dispersion forces:
 
1/3 1/3
1/3 1/31 / 2
i j
i j
n
c c
i j
c c
v vk v v
      
Equation 2.1
Here, icv is the critical volume of PC “i”. Testing Equation 2.1 for toluene–phenanthrene, with n
set equal to 1, we obtained a value of 0.004, in good agreement with our experimental result.
Thus, this relationship was used to calculate solvent–PC kij's for PCs 1-6, that is, through the
trimer species.  A kijof 0.09 was then used for the largest PCs, i.e., the tetramer and pentamer
species PC7-PC10.  The PC–solvent kij'sused in this work are given in Table 2.1. Equation 2.1 was
also used to calculate PC–PC kij's; these varied, for example, from 0.010 for PC1–PC5 to 0.023 for
PC1–PC10.
Simulations of our DGE process are compared with experimental results in Figures 2.8-
2.10. We note that no fitting to the experimental data was performed, so these results are
predictive. Considering the extent to which judicious estimates had to be made in terms of
physical properties and parameters, reasonable results were obtained.  In Figure 2.8, both the
sharp drop-offs in bottom-product yield at 330 and 350 °C and the more gradual reduction at
380 °C, all with respect to increasing pressure, are correctly predicted.  In Figure 2.9, the
minimum in the mass fraction of pitch in the bottom-phase product is predicted.  The fact that
the predicted pressures for when these phenomena occur are offset is probably due to the
inherent inability of cubic equations of state to accurately reproduce the mixture critical region.
We also note that alternative schemes for determining kij's (shown only for the 350 °C isotherm
in Figures 2.8 and 2.9) are not able to capture key features of the data.  In particular, setting all
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Figure 2.7 Molecular structures proposed for pseudocomponents 1, 6, and 10 using analytical
characterization information on M-50 pitch and DGE fractions thereof.
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kij's to 0.00 or determining them exclusively from Equation 2.1 incorrectly predicts the bottom-
product yield decreasing to zero at higher pressures.  On the other hand, setting all solvent–PC
kij's to 0.09 grossly underpredicts the solubility of pitch in the solvent phase. In Figure 2.10, the
experimentally obtained and predicted PC compositions are compared for the bottom product
obtained at 350 °C and 52.7 bar.  The prediction for this pressure is surprisingly good, with the
relative amounts of each of the oligomers being accurately reproduced.  However, for higher
pressures, the mole fraction of dimer in the bottom product is underpredicted and of tetramer
and pentamer is overpredicted.
In summary, process simulation of our DGE process yielded reasonable results for two
key process variables, the yield and the MWD of the bottom product.  Based on the results
obtained thus far, our simulation will be a useful tool for screening future experiments, as we
seek to produce pitch fractions of controlled, well-defined MWDs at maximum yield.
Conclusions
Dense-gas extraction of Marathon's M-50 isotropic petroleum pitch was carried out
countercurrently with the solvent toluene in a packed column under both isothermal and
temperature-gradient conditions.  Steady-state feed flow rates of the pitch and solvent to the
column were held constant at a weight ratio of 5.1/1 for all runs.  Of particular interest in this
work was the effect of column temperature and pressure on the fractionation of the feed pitch.
In general, anywhere from 70 to 95% of an isotropic feed pitch needs to be extracted into the
solvent phase (giving bottom-product yields of 5 to 30%) in order to obtain bottom products
whose properties are desirable for producing advanced carbon materials.  By operating the
column either isothermally or with a +ΔT, product yields within the desired range can be
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obtained at specific operating pressures.  However, if a +ΔT is used, yields are relatively constant
and remain in the desired range over a surprisingly wide range of pressures.
MALDI mass spectrum results indicate that by changing the operating pressure by as
little as 5 bar, either isothermal or +ΔT operation can be used to precisely control the MWDs of
the bottom products.  Products derived from isothermal operation consist primarily of dimer
and trimer species.  However, when a +ΔT is used, a higher mol wt cut that is predominantly
trimers and tetramers can be obtained.  Both products are potentially useful precursors for
carbon products with specific end-use applications.  To our knowledge, the work presented
herein represents the first time that researchers have been able to demonstrate a process
whereby quantitative, reproducible control of the MWD of carbonaceous pitches is obtained.
Figure 2.8  HYSYS simulation results for bottom-product pitch yields. Dotted lines refer to
experimental data while continuous lines are from simulation. Effect of interaction parameter
(kij) is shown only for 350 °C: (a) all kij’s = 0; (b) all kij’s from Equation 2.1; (c) this work; and (d)
solvent–pitch kij’s = 0.09, PC-PC kij’s from Equation 2.1.
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Figure 2.9 HYSYS simulation results for mass fraction pitch in bottom product.  Dotted lines refer
to experimental data while continuous lines are from simulation. Effect of interaction parameter
(kij) is shown only for 350 °C (see legend in Figure 2.8).
Figure 2.10.  MALDI mass spectrum ( ) of bottom product obtained at 350 C and 52.7 bar
(left ordinate).  Experimental ( ) and HYSYS-predicted ( ) PC compositions for bottom
product at 350 °C and 52.7 bar (right ordinate). Dotted lines refer to the mol wt range
associated with each of the ten PCs.
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CHAPTER THREE
CONTROLLING THE OLIGOMERIC COMPOSITION OF CARBON-FIBER PRECURSORS
BY DENSE-GAS EXTRACTION
Introduction
Carbon fibers and carbon-carbon (C/C) composites have excellent properties at
ultrahigh temperatures, with the mechanical properties being essentially unchanged at
temperatures from ambient to 2500 °C.  In oxidizing environments, however, some form of
oxidation protection is essential [1]. One approach is to apply a diffusion barrier, such as a
ceramic coating.  Another, frequently complimentary approach is to improve the oxidative
resistance of the carbon itself. Although this is typically achieved by techniques such as boron
doping [1], researchers [2] have recently shown how the intrinsic oxidative resistance of carbon
can be improved by changing its microstructure, more specifically, by increasing its graphitic
content.
The focus of our research program is on establishing the fundamental relationships
between the molecular composition of the precursors for pitch-based carbon fibers, namely,
carbonaceous pitches, and the microstructure of the resultant carbon materials.  In particular,
our goal is to manipulate the molecular composition of the precursor pitches so as to obtain
improved properties, such as better oxidative resistance and enhanced thermal management,
in the final carbon fibers.
Carbonaceous pitches consist of polycyclic aromatic hydrocarbons (PAHs) with methyl
side chains and have a molecular weight distribution (MWD) ranging from about 250 to at least
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Figure 3.1 MALDI mass spectrum of M-50 petroleum pitch.  Representative molecular structures
for monomer and dimer species are also shown.
2000 g/mol [3,4]. The mass spectrum of a commercially available isotropic pitch, M-50
(Marathon Petroleum Company LLC), is shown in Figure 3.1.  The oligomeric nature of these
pitches is obvious and derives from how they are produced:  by the thermal polymerization of
aromatic decant oil (the monomer in Figure 3.1), which itself is a by-product of the fluid
catalytic cracking (FCC) of the heavy gas oil fraction of crude oil.
Carbonaceous pitches are fascinating materials, being one of the few complex mixtures
of species ever reported to exhibit liquid crystalline phase behavior [5]. Formation of the
discotic nematic phase, or mesophase, is dependent on both the temperature and molecular
composition of the pitch, so these unusual materials are classified as both thermotropic and
lyotropic [6]. If HTC carbon fibers are desired as the final product, the starting pitch should
consist of higher molecular weight (mol wt) oligomer(s) that, at the proper conditions, can form
the highly oriented mesophase pitch critical for producing a highly graphitic fiber [1]. On the
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other hand, if the pitch is to be used as the matrix phase for a C/C composite, pitch oligomers of
lower mol wt (and, thus, viscosity) are required [1].
Researchers have long recognized the important role that mol wt plays in the suitability
of a given pitch for a particular application [7,8], but measuring and controlling that mol wt has
long been a difficult task.  The classic technique for mol wt measurement, gel permeation
chromatography, is limited by the lack of calibration standards for pitches and incomplete
solubility of the higher mol wt oligomers [7-9]. Solvent-based mass spectrometry techniques
are similarly limited by solubility considerations.  Control of mol wt has been accomplished by
several techniques, including simple solvent extraction [10], thermal polymerization (also called
heat-soaking) [11], and catalytic polymerization of naphthalene and its alkylated derivatives to
form synthetic pitches [12]. However, the limited characterization information available for
these pitches indicates that the control of mol wt is essentially qualitative.
With the advent of matrix-assisted, laser desorption–ionization time-of-flight mass
spectrometry (MALDI) and its application to pitches [3], significant progress has been made in
measuring the absolute mol wt of pitches (e.g., see Figure 3.1). For the control of mol wt, our
group [13,14] is investigating the use of dense-gas extraction (DGE) for the fractionation of
petroleum pitches.  Although the concept of using dense gases for effecting separations is not
new [15], its application to pitches for the control of mol wt is. In this chapter, we investigate
DGE of a commercially available isotropic pitch, M-50, with toluene (critical temperature of
318.6 °C, critical pressure of 41.1 bar [16]) being used as the dense-gas solvent.  Both one-
column and two-column separations, and their impact on mol wt and product properties, were
investigated. Previous work in our group [4] focused on the isotropic pitch A-240 in a one-
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column setup, with the effect of DGE operating temperatures and pressures on product yield
and mol wt being explored.
Experimental Procedure
DGE apparatus
Compared to conventional separation processes, DGE has several features that make it
particularly attractive for controlling the oligomeric composition of pitches for advanced
materials applications:  (1) inexpensive (i.e., ~$0.60/kg) carbonaceous raw pitches can be used
as the starting material, keeping costs low; (2) the process is highly flexible, with operation in a
number of different configurations possible; thus, one would expect to be able to isolate
oligomeric fractions with a wide range of properties; and (3) when operated in the continuous
mode, DGE can be used to obtain oligomers in large quantities, so that scale-up to the
commercial level is feasible.
A schematic of our DGE unit is shown in Figure 3.2.  The apparatus consists of a 2.0 m
high by 1.8 cm i.d. packed column, with the actual height of the packing being 1.5 m. A reflux
finger is located at the top of the column for refluxing a portion of the solvent-rich phase back
down the column for increased product purity, and a liquid-level detector at the bottom of the
column ensures separation of the toluene-rich (top) and pitch-rich (bottom) liquid phases. For a
typical experimental run, molten pitch is fed to the top of the column at ~120 g/h via a single-
screw extruder and metering pump, and a liquid chromatography pump and preheater are used
to deliver hot, dense-gas solvent at ~600 g/h to the bottom of the column.  Either a constant or
a positive temperature gradient is established along the length of the column, typically near the
critical temperature of the toluene; our research has shown that this gradient can significantly
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impact the separation process. As the dense-gas toluene flows upward through the packing, it
contacts the pitch flowing down the column (the countercurrent flow is created by the density
differences between the two phases).  Selected oligomers of the pitch are preferentially
extracted and transferred from the pitch-rich to the solvent-rich phase according to the
thermodynamic phase behavior and mass-transfer characteristics of the pitch–solvent system.
As shown by the representative MALDI spectra for the feed pitch and for the top and bottom
products in Figure 3.2, lower mol wt oligomers concentrate in the toluene-rich phase, which is
taken off as top product, and higher mol wt oligomers concentrate in the pitch-rich phase,
which is taken off as bottom product. Steady-state operation of the DGE unit is typically
reached within an hour, and a typical continuous run lasts up to 12 hours. A detailed
description of the DGE apparatus and associated experimental procedure is given elsewhere
[14].
In this study, DGE fractionation of pitches was carried out using either a one-column or
a two-column setup.  With the one-column setup, the feed pitch was always M-50 (Marathon
Petroleum Company LLC, CAS 68187-58-6), and the bottom phase was the product of interest.
For the two-column setup, the top phase from column 1 served as the feed to column 2, and
the bottom phase of column 2 was the product of interest.
After collection, products were dried to remove the solvent, both to determine toluene
composition and to prepare solvent-free samples for analytical characterization.  For samples in
which a separate liquid toluene phase was present at ambient conditions (typically top
products), samples were dried at atmospheric pressure under N2 purge, with the temperature
being increased from 100 to 160 C in 20 C increments over 12-h intervals.  For samples
without a separate solvent phase (typically bottom products), a different procedure had to be
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Figure 3.2 Dense-gas extraction apparatus for continuous fractionation of carbonaceous
pitches. Typical normalized MALDI mass spectra for the feed pitch and top and bottom
products are also shown.
used, as described below, as some of these higher mol wt samples had relatively high softening
points.  Initially, the samples were dried under N2 at 150 C and 2 mbar for 30 min.
Then, they were dried under N2 20-30 C above their softening points and at 267 mbar
for another 30 min.  A Vacuum Atmospheres Model VTW Vacuum Oven connected to a Model
Dri-Lab-08/85 nitrogen glove box was used for the latter drying procedure. Typical O2 and
water content in the glove box was 0.5 and 1 ppm, respectively. Dauche [17] has shown that
this procedure completely removes the toluene without volatilizing any pitch components.
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Analytical characterization of DGE samples
Pitch fractions (i.e., top and bottom products) produced by DGE were analyzed for
absolute mol wt using a Bruker Daltonics Autoflex MALDI-TOF mass spectrometer.  The
instrument was operated in the reflector mode, with the target plate being positively charged
at 19.0 kV, the secondary ion source set at 16.5 kV, the lens at 9.4 kV, and the reflector at 20.0
kV.  Other instrument parameter settings were as follows:  pulsed ion extraction at 90 ns,
matrix suppression up to 210 Da, detector gain at 4.0x, and a resolution of 2.0. For all spectra
presented in this work, the laser power was varied from 15 to 21% of total power. The
instrument was calibrated using peptide calibration standards (Bruker Daltonics 206355)
encompassing a mol wt range of 757 to 3147 Da. For sample preparation, approximately 10 mg
of a given analyte was combined with 200 mg of the matrix TCNQ, and the two were mixed
together for 5 min using a grinding mill (Thermo Electron Corp., model Wig-L-Bug). A thin film
of the powder obtained was then deposited onto a target cell using a technique developed in
our laboratory and explained in detail elsewhere [14]. Selection of the optimal laser power was
by trial and error until satisfactory peak intensities were obtained without significant loss of
resolution due to excessive laser power. The spectra presented herein are a summation of 200
laser shots carried out at a rate of 20 Hz. Figure 3.1 shows a “raw” MALDI spectrum, whereas
all other spectra shown in this chapter were formatted to facilitate comparison of different
MALDI spectra.  In particular, MALDI data files were (1) compressed to reduce the amount of
data generated and subtract the noise from a given spectrum, (2) smoothed, and (3) normalized
so that the area under the curve sums to 1. This procedure is discussed in more detail
elsewhere [18]. Compressed data files were also used to estimate molecular weight indices,
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such as number and weight average mol wts, by assuming that the intensity for a given species
was proportional to its mole number [4,19].
Selected DGE products were also analyzed for Carbon-Hydrogen-Nitrogen (CHN)
content with a PerkinElmer CHNS/O elemental analyzer (Model 2400 Series II). The combustion
temperature was set to 925 °C and the reduction temperature to 640 °C. Acetanilide
(PerkinElmer 0240-1121) was used both for calibrating the instrument prior to every use and as
a routine check of instrument performance. Each pitch sample was analyzed in triplicate. In
addition, after 5-10 pitch samples had been analyzed, M-50 pitch was analyzed in triplicate as a
further check of instrument reproducibility. Reported atomic C/H ratios are believed to be
accurate to ±0.02.
The softening point of selected top and bottom DGE products was determined using a
Fisher–Johns melting-point apparatus (Fisher Scientific, 150 W).  The experimental procedure
was to heat the pan up to an initial temperature and check for the softening point by placing
about 5 mg of powdered pitch to the pan and then applying pressure with a spatula to see if the
sample would “smear” on the pan.  If the sample did not soften, it was brushed away, the pan
was heated to a higher temperature, and the process was repeated with fresh pitch.  Because
the measurement was done in air, a fresh, unoxidized sample was required for each test.  The
softening point has been found to be reproducible to ±2 °C.
Selected bottom products of the DGE process were analyzed for mesophase using
cross-polarized light microscopy.  Samples consisting of a large number of particles
representative of each set of DGE conditions were prepared by mounting in an epoxy resin
before grinding and polishing. Grinding was first done with 240, 320, 400, and 600 grit SiC
paper, using water as the lubricant.  Final, fine grinding was done with Mylar-backed alumina
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sheets of 9- followed by 3-μm grade.  Initial polishing was done with 1-μm diamond paste on a
napless cloth, and final polishing with  0.05-μm ceria. The resultant polished sections were
analyzed for degree of anisotropy and microstructure by reflected polarized-light microscopy,
with crossed polarizers and a sensitive-tint retardation plate being used to define the
mesophase layer orientations on the polished surface. Additional details of this technique are
given elsewhere [20].
Results and Discussion
One-column dense-gas extraction
Dense-gas extraction (DGE) experiments with one column were carried out at 330 and
350 C, using toluene and M-50 pitch as the feed.  In addition, column operation with a positive
linear temperature gradient, from 330 at the bottom to 380 C at the top, was also performed.
Figure 3.3 shows the bottoms yield for all one-column experiments as a function of column
temperature and pressure.  The error bars shown are ± 1 standard deviation and are based on
results for 1-3 DGE runs for each temperature or temperature gradient, with 3-4 samples being
obtained for each reported pressure. The bottoms yield, or fraction of the feed pitch recovered
as bottom product, is an important processing variable.  High yields are clearly desirable, as
they maximize the amount of product; however, if the goal is to obtain a liquid crystalline
product, the removal of a significant fraction of the “disordering” monomer (and, to at least
some extent, dimer) species is necessary for concentrating the higher mol wt oligomers such
that mesophase will form [21]. Thus, maximizing product yield, albeit within the framework of
obtaining a product with the desired properties, is the objective.
89
As shown in Figure 3.3, the characteristic yield behavior follows a rapid decline to less
than 0.30 (so here the bottoms flow rate would be ~36 g/h) with increasing column pressure, as
the solvent undergoes a transition from ideal-gas to dense-gas behavior.  For the isothermal
runs at 330 and 350 °C, further increases in pressure bring about further decreases in yield,
down to less than 0.10.  However, for positive temperature gradient (ΔT) column operation, the
yield is seen to go through a maximum with increasing pressure.  Such behavior can be
explained by the competing effects of increasing temperature (which decreases solvent power)
and increasing pressure (which increases solvent power) in dense gases and supercritical fluids
[22]. One potential advantage of operating with a positive ΔT is that over a wide range of
pressures, yields range from < 0.10 to 0.20.  Bottom products produced at such yields typically
have softening points and mesophase content conducive for the synthesis of advanced carbon
materials.
Normalized MALDI mass spectra for the bottom products produced by DGE at 330 °C
and pressures from 42.4 to 52.7 bar are given in Figure 3.4, along with their respective softening
points.  For these and the other MALDI spectra, monomer was defined as the mol range from
190 to 390, dimer from 390 to 645, trimer from 645 to 890, and tetramer from 890 to 1120 [4].
At 42.4 bar, we see that the bottom product still contains a significant fraction of monomer, the
product yield is high (0.28; see Figure 3.3), and the softening point is still relatively low (135 °C).
All of these factors indicate that the bottom fraction is still isotropic.
However, an increase in pressure to 49.3 bar essentially eliminates all monomer and
dimer species from the bottom product, reduces the yield to 0.11, and dramatically increases
the softening point to 395 °C, resulting in a phase that is almost certainly 100% mesophase.
Further increases in pressure to 52.7 bar reduce the yield even further (to 0.07) and give a
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Figure 3.3 (a) Definition of bottom-product yield for one-column DGE; (b) DGE pressure has a
strong influence on bottom-product yield for both isothermal and +ΔT operating conditions.
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Figure 3.4 Normalized MALDI mass spectra of bottom products obtained by DGE
at isothermal operating conditions of 330 °C.
product with a softening point exceeding the 400 °C limit of our melting-point apparatus.  The
fact that the MALDI spectra is essentially unchanged for 49.3 vs 52.7 bar may not be
representative of the oligomeric composition actually present at these conditions, as Räder and
co-workers [23] have recently shown that the MALDI intensity response of giant PAHs lacking
alkyl substituent groups can be unusually low due to molecular aggregation in the solid state,
which inhibits desorption efficiency. In summary, then, results at 330 °C indicate how operating
the DGE process too near the critical temperature and pressure of the solvent can give overly
sensitive behavior.
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Normalized MALDI spectra for the bottom products produced by DGE at 350 °C and at
various pressures are shown in Figure 3.5 and tell a story quite different from the one for 330
°C.  For all operating pressures, only the monomer fraction is completely extracted into the
toluene-rich top phase. With incrementally increasing pressure, the oligomeric composition of
the bottom product gradually decreases in dimer and increases in trimer and tetramer
composition.  As might be expected, these changes in oligomeric composition lead to
incremental increases in the softening points and decreases in the yields (see Figure 3.3).
Compared to DGE operation at 330 °C, relatively precise control of the oligomeric composition
and softening point is possible.
Even greater process flexibility can be achieved by using DGE with a positive ΔT, as the
competing effects of co-solvent interactions (due to the imposed ΔT) and solvent power (due to
Figure 3.5 Normalized MALDI mass spectra of bottom products obtained by DGE
at isothermal operating conditions of 350 °C.
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column pressure) both come into play. As shown in Figure 3.6, complete removal of monomer
is achieved at 49.3 bar.  At 56.2 bar, a significant fraction of the dimer is now being extracted,
and the softening point has increased from 258 to 370 °C because of the change in oligomeric
composition. Surprisingly, though, the increase in operating pressure results in no decrease in
product yield.  Thus, these latter DGE conditions are highly selective for extracting the
monomer and dimer species into the top phase, while leaving most of the trimer and higher
oligomers behind in the bottom, pitch-rich phase. Further increases in operating pressure up to
69.9 bar reduce this selectivity, as the oligomeric composition profile becomes very similar to
that obtained at 49.3 bar, and the softening point decreases back down to 288 °C.  However,
the product yield now increases with increasing pressure; thus co-solvent interactions are
dominating.  Eventually, the yield reaches a maximum of 0.20, more than double the value of
0.07 obtained at 49.3 bar. Thus, we are discovering that operating with a positive ΔT can yield
unexpected benefits in terms of both oligomeric composition and product yield. Further
increases in pressure to 76.8 and 83.7 bar give behavior analogous to that observed with
isothermal DGE runs:  increasing pressure decreases product yield and generates pitch fractions
of higher mol wt and higher softening points.  This kind of behavior is consistent with solvent
power now playing the key role in DGE fractionation.
Two-column dense-gas extraction
In the previous section, we demonstrated how DGE can be used to control the
oligomeric composition of bottom-phase pitch fractions and, as a result, produce pitches with a
wide range of properties in varying yields.  Nevertheless, one-column DGE has an inherent
disadvantage:  any top product will always contain the lightest species in the feed pitch, and any
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Figure 3.6 (a) Operating DGE column with a +ΔT; (b) bottom-product yields for different
operating pressures; (c) Normalized MALDI mass spectra of bottom products obtained by DGE
with a positive +ΔT.  Numbered arrows indicate effect of pressure increases from (1) 49.3
56.2 bar, (2) 56.2 69.9 bar, and (3) 69.9 83.7 bar.
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bottom product will always contain the heaviest species.  The former are undesirable because
they are too volatile, and the latter because they can form mesophases that are so high-melting
as to be infusible.  We therefore propose two-column DGE as the solution to this problem. As
shown in Figure 3.7, in this configuration M-50 serves as the feed pitch to column 1, and a cut
consisting of the extracted pitch species is taken off as top product in relatively high yield (e.g.,
~0.80).  The bottom product, which contains the heaviest species, is not of interest. The top
product is then dried to remove all toluene and is fed to column 2, with the solvent and pitch
flow rates being the same as described above in the Experimental Procedure.  The desired
product from column 2 is the bottom product (with, as before, the yield being 0.10-0.20), with
the undesired lightest species being taken off as top product.  Each column can be operated
either isothermally or with a positive ΔT, and a range of operating pressures is also possible as
before, so much greater processing flexibility is available as compared to one-column DGE.
Note also that the process inherently produces a “middle cut” of the pitch and, as a result,
should be capable of producing cuts of narrower oligomeric distribution than are achievable
with one-column DGE.
For our first experimental run with two-column DGE, the objective was to produce a cut
rich in dimer species.  As shown in Figure 3.7a, column 1 was operated with a positive ΔT and a
pressure of 76.8 bar.  The normalized MALDI spectra for all process streams associated with
column 1 are also given in Figure 3.7a, including the M-50 pitch feed and the top and bottom
products.  Here we see that the top product is concentrated in monomer and dimer, and the
bottom product in trimer and higher oligomers.  As shown in Figure 3.7b, the top product from
column 1 was then fed to column 2, which was operated at 350 °C and 52.7 bar.  MALDI spectra
of the desired bottom product indicate that a fraction rich in dimer is isolated, with all
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Figure 3.7 Two-column DGE setup and MALDI mass spectra of feed and top and bottom
products for each column. (a) Column 1 extraction with +ΔT and 76.8 bar, with top product
being fed to (b) Column 2, with DGE at 350 °C and 52.7 bar. For comparison, bottom-product
MALDI spectrum for one-column DGE at 350 °C and 52.7 bar, with M-50 as the feed, is also
shown.
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monomer being removed as top product.  Of course, any trimer and higher oligomers present in
the top product from column 1 must end up in the bottoms of column 2.  Nevertheless,
comparison with results obtained from one-column DGE at 350 °C and 52.7 bar, with M-50 pitch
as the feed (see Figure 3.7b), clearly indicate the superiority of the two-column setup for
concentrating the dimer and also removing the heaviest species present in the feed pitch.
These results are particularly encouraging when one considers that the above results represent
only our first attempt with two-column DGE.
Development of mesophase in DGE products
Bottom products of DGE at 350 °C and pressures from 57.9 to 63.1 bar were analyzed
for degree of anisotropy by cross-polarized light microscopy (no top products were analyzed, as
these monomer- and dimer-rich cuts were, as expected, all found to be isotropic). Sensitive-tint
photomicrographs of the bottom products obtained at the different DGE pressures are shown in
Figures 3.8 and 3.9.  Final drying temperatures, softening points, oligomer area percentages
(calculated from MALDI in Figure 3.5), and C/H atomic ratios for each pressure are reported in
Table 3.1. For reference, we note that the C/H ratio for unprocessed M-50 pitch is 1.39.
Oligomer percentages do not add up to 100 because of the presence of small amounts of
pentamer. At an extraction pressure of 57.9 bar, both isotropic and anisotropic phases are
clearly present (Figure 3.8a).  We would expect the isotropic phase to be enriched in dimer and
the mesophase in trimer and tetramer species.  The high-magnification, sensitive-tint image in
Figure 3.8b shows how the mesophase layers tend to lie perpendicular to the interface with the
isotropic phase [24]. As the DGE process is carried out at higher pressures, the anisotropic
phase grows rapidly due to an increase in the proportion of trimers and tetramers, leading to
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bulk mesophase at 59.6 bar and 61.3 bar (Figures 3.9a and 3.9b).  The sensitive-tint response
indicates that the microstructures of the collected fractions in these figures are weakly
oriented. For a DGE pressure of 63.1 bar (Figure 3.9c), tendency towards an oriented
mesophase microstructure is observed.  Note in Table 3.1 that the ratio of trimer to dimer
species is the highest for this fraction. To our knowledge, these micrographs represent the first
Figure 3.8 (a) Cross-polarized light
photomicrographs of bottom products obtained
from DGE at 350 °C and 57.9 bar. (b)
Magnification showing how mesophase layers
lie perpendicular to the interface of the
isotropic phase. P = polarizer, A = analyzer
orientations.
Figure 3.9 Cross-polarized light
photomicrographs of bottom products obtained
from DGE at 350 °C and (a) 59.6 bar, (b) 61.3
bar, and (c) 63.1 bar.  Incremental increase in
extraction pressure gives bottom products of
increasing orientation.
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Table 3.1 Bottom-product properties from DGE column at 350 °C.
Pressure
(bar)
Drying
Temp (°C)
Softening
Pt (°C)
%
Dimer
%
Trimer
%
Tetramer
Atomic
C/H Ratio
57.9 320 296 31 40 22 1.78 ± 0.03
59.6 350 322 24 46 23 1.79 ± 0.03
61.3 350 335 22 48 25 1.80 ± 0.02
63.1 380 360 19 54 23 1.85 ± 0.01
time that absolute mol wt information on carbonaceous pitches has been related to their
degree of anisotropy.
Finally, we note that gentle heat treatment of the above pitches (e.g., we heated the
pitch in Figure 3.9a up to 330 °C, just above its softening point) was found to allow sufficient
rearrangement of the pitch molecules to produce the coarse microstructure typically observed
in mesophase pitches, see Figure 3.10.  The image shows the complex arrays of polarized–light
extinction contours consisting of the nodes and crosses that indicate the various wedge
disclinations which exist [20].  Thus, the pitch fractions shown in Figures 3.9a-c all have the
oligomeric makeup required to form mesophase pitches with the microstructural characteristics
required for the fabrication of advanced carbon materials.
Conclusions
Dense-gas extraction of commercially available isotropic pitches can be used to
fractionate such pitches into cuts of well-defined oligomeric composition.  The DGE column can
be operated either isothermally or with a positive temperature gradient, but the co-solvent
effect induced by the temperature gradient results in a solvent that is more selective for
extracting specific oligomers.  Initial investigation of a two-column configuration for producing a
middle cut of the pitch also yielded promising results, as a dimer-rich fraction with essentially all
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monomer and tetramer species removed was isolated.  Mesophase with the microstructure
typically found in the precursor for high-performance carbon fibers were readily obtained from
DGE fractions rich in dimer and trimer species.
Figure 3.10.  The coarse microstructure typically observed for mesophase pitches is obtained by
gentle heating of the bottoms product produced by DGE at 350 °C and 56.2 bar.
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CHAPTER FOUR
CONTROL OF MOLECULAR WEIGHT DISTRIBUTION OF PETROLEUM PITCHES
VIA MULTISTAGE SUPERCRITICAL EXTRACTION
Introduction
Petroleum pitches consist of a mixture of alkylated polycyclic aromatic hydrocarbons
(PAHs) that originate from the thermal polymerization of aromatic decant oil, which itself is a
by-product of the fluid catalytic cracking (FCC) of the heavy gas oil fraction of crude oil. As
shown in Figure 4.1, petroleum pitches, such as M-50, are oligomeric in nature with a molecular
weight (mol wt) that extends from approximately 200 to 2000 [1,2]. In recent work by our group
[3,4], a systematic study of the composition of M-50 has elucidated the dominant species that
comprise the monomer and dimer fractions of pitch. Representative molecular structures of
these species are shown in Figure 4.1. Note that the dimer shown is the product of a
condensation reaction of two monomeric, decant oil species. Analogous condensation reactions
create the trimer and tetramer peaks that are shown.
In previous research investigations, petroleum pitches have been used as precursors for
the production of high-performance carbon materials [5]. In general, pitches of high mol wt, i.e.,
mesophase pitches, have been used for the production of high thermal conductivity carbon
fibers [6] and high thermal conductivity carbon-carbon (C/C) composites [7]. Pitches of low mol
wt, i.e., isotropic pitches, have been used as precursors for the production of general purpose
carbon fibers [8], activated carbon fibers (ACF) with highly uniform surface characteristics [9],
and as a low-viscosity matrix in C/C composites [10]. Thus, the molecular weight of petroleum
pitches is known to play a key role in their suitability for a given carbon application. However, a
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Figure 4.1 MALDI spectrum of M-50 petroleum pitch, and representative structures of monomer
and dimer oligomers [3,4]. Monomer species are defined as having a mol wt from 210 to 388,
dimer from 388 to 645, trimer from 645 to 890, and tetramer from 890 to 1120 Da.
quantitative relationship between molecular weight and final product properties has yet to be
clearly established.
A key aspect to developing a more fundamental understanding of a complex material
such as petroleum pitch is to fractionate it into narrow mol wt cuts for further analysis and
characterization. Supercritical extraction of heavy fossil fuels, in general, has been investigated
by numerous researchers, and is practiced commercially in processes such as the ROSE process
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and propane deasphalting [11]. However, the use of supercritical extraction (SCE) to truly
fractionate a heavy fossil fuel via a multistage process is far less common. To our knowledge, the
first study was that of Beneke et al. [12], who used multistage (i.e., a rotating disc column)
supercritical extraction to fractionate coal tar pitch into toluene-soluble and -insoluble fractions
using toluene-propane mixtures. Another notable early effort was by Warzinsky [13] at the U.S.
Department of Energy, who applied multistage, packed-column SCE to fractionate coal residua
using supercritical toluene and cyclohexane. However, both of these pioneering studies were
highly preliminary in nature, with only a few experiments being carried out and minimal
characterization of the products being employed.
Only in the past decade has more comprehensive multistage supercritical extraction
been investigated for the fractionation of heavy fossil fuels, including petroleum residua [14,15],
bitumen [16,17], and petroleum pitches [18,19]. Supercritical solvents commonly used for
fractionating such mixtures range from light alkanes such as n-pentane [14-17] to aromatic
hydrocarbons such as toluene [18, 19]. Furthermore, with the recent advances in analytical
characterization, some of these studies report fundamental molecular information on the
fractions obtained by SCE [3,4,16]. When complemented by more advanced characterization
techniques, our fundamental understanding of SCE as applied to complex, non-volatile materials
is significantly enhanced.
At Clemson, researchers have been investigating multistage SCE for fractionating pitches
into cuts of controlled composition, both by semibatch [18] and by continuous means [18-20].
Although semibatch SCE has led to dimer-rich pitches of purities greater than 90 mol %, the
quantities produced (0.1 - 1 g/h) are inadequate for rheological studies and for spinning into
carbon artifacts, such as carbon fibers. In this work, we investigate the use of continuous,
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multistage, packed-column SCE for producing a dimer-rich fraction of petroleum pitch with
essentially all monomer and tetramer species removed. Such a fraction would be expected to
have properties, such as a relatively high softening point and isotropic character, that would be
advantageous for selected carbon applications.
Materials and Methods
Materials
Isotropic petroleum pitch M-50 (CAS 68187-58-6) was obtained from Marathon
Petroleum Company LLC, with a reported softening point ranging from 104-124 °C. The
softening point of our particular M-50 pitch was measured in our laboratory and found to be
116 ± 1°C. The pitch was received in pellet form and used without further modification. HPLC-
grade toluene (CAS 108-88-3) with a stated purity of 99.9 % was obtained from Fisher Scientific
and used as the extraction solvent. For MALDI analysis, the matrix 7,7,8,8-
tetracyanoquinodimethane (CAS 1518-16-7) was obtained from TCI America.
Experimental apparatus and procedure
As shown in Figure 4.2, extraction of M-50 pitch was carried out using two packed
columns in series, with each column being designed for operating temperatures and pressures
of 400 °C and 200 bar. Both columns consist of a 2.0 m high by 1.8 cm i.d. packed column, with
the actual height of the packing being 1.5 m. Details of the design and construction of the
apparatus are given elsewhere [18], so only a brief description is given here. For a typical two-
column experiment, the feed pitch is delivered to the top of column 1 (Col-1) in the molten state
(at ~300 °C) at a flow rate of 117 g/h via a single-screw extruder (Alex James and Assoc., Model
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AJA 58) and metering pump (Zenith Pumps, Model HPB, 0.160 ml/rev).  The supercritical solvent
(in this case toluene) is pressurized at ambient temperatures via an HPLC pump, preheated, and
then delivered to the stillpot of Col-1 (i.e., the section of the column below the packing) at a rate
of 598 g/h, which, in this case, gives a solvent-to-pitch (S/P) ratio of 5.1/1. A typical temperature
profile for a given run is 330 °C at the stillpot and bottom sections, 350 °C at the middle section,
and 380 °C at the top section, where pitch enters the column. This profile will be referred to
herein as a positive temperature gradient (+ΔT), whereas another possible profile would be 350
°C isothermal, for example. The entering temperature of the solvent is set equal to that of the
stillpot.  As the solvent flows up and the pitch flows down the column (due to density
differences), the lower mol wt species are stripped out of the pitch feed and into the solvent
phase.  In addition, a fraction of the supercritical solvent is absorbed into the pitch-rich phase.
Thus, a solvent-rich phase containing extracted pitch oligomers (primarily monomer and dimer)
is taken off as top product (“Col-1 Top Product”), and a pitch-rich liquid phase containing
heavier molecules, such as dimer, trimer, and tetramer (Dimer+) that were not extracted, is
taken off as bottom product (“Col-1 Bottom Product”). The MALDI insets given in Figure 4.2 are
representative of those obtained when producing a dimer-rich pitch fraction as the bottom
product for column 2 (Col-2). The top phase from Col-1 also contacts a reflux finger after exiting
the top of the packing, which can be maintained at a different temperature than the column,
inducing reflux down the column and thus improving top product purity.
In this study, Col-2 was operated as a low-pressure toluene gas stripper in order to most
effectively remove the monomer impurities. Thus, the top product from Col-1 was reduced to
near- ambient pressure (1.5 bar) upon exiting the top regulating valve, then preheated to 380 °C
prior to entering column 2. As the product from Col-1 is fed to the top of Col-2, both toluene
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Figure 4.2 Fractionation of M-50 pitch was carried out in the two-column setup shown above,
with Col-1 operated at SCE conditions and Col-2 as a low-pressure stripper. Spectra shown are
actual MALDI spectra of feed pitch M-50 and extraction products obtained in this study. For one-
column operation, the “on/off valve” is kept closed. Mo, Di, Dimer+ refers to monomer, dimer,
and dimer plus heavier oligomers, respectively.
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and some monomer flash from the entering stream and immediately exit out the top of Col-2
(“Col-2 Top Product”), whereas the unextracted pitch (primarily dimer) continues to flow down
the packed section of the column. Additional removal of monomer from the pitch phase is
achieved by stripping the monomer with an additional flow of toluene to the bottom of Col-2
ranging from 400-1000 g/h. The dimer-rich, bottom-phase product (“Col-2 Bottom Product”)
then exits Col-2 through a bottom regulating valve for collection. For the preliminary one-
column extractions described in this study, the “on/off valve” leading to Col-2 in Figure 4.2 is
kept closed, thus removing Col-2 from the process.
Note that Col-1 is operated under supercritical conditions where liquid-liquid
equilibrium (LLE) can occur, depending on the operating conditions. In this case, one liquid
phase is pitch-rich (heavy phase) and the second liquid phase is solvent-rich (light phase). On the
other hand, because Col-2 is operated near atmospheric pressure, only vapor-liquid equilibrium
(VLE) can exist. The solvent-to-pitch (S/P) ratio, as well as the operating temperature and
pressure, were found to be important variables in both columns for controlling the extent of
extraction and purity of the pitch products.
Two PID-controllers (Omega CN1507, 7-channel controller), one for each column, are
used to control the process temperature. The reported column temperatures are believed to be
accurate to ± 2 °C.  Column pressure in both columns is controlled by means of a top regulating
valve (Autoclave Engineers, part no. 30VM4082-GY), actuated via a National Instruments
NuDrive motion control device (Model 4CX-001) along with a DC servomotor and gear reducer
(ECM Motor Co., Model 5471). The system pressure is measured with a pressure transducer
(Heise, Model HPO) monitored by National Instruments Labview software. This transducer was
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calibrated against a Budenberg deadweight tester (Model 380H) to an accuracy of 0.07 bar. Each
column was maintained to within 0.14 bar of the desired setpoint at all times.
Complete separation between the top and bottom phases is ensured by the use of a
liquid-level detector located in the stillpot.  The custom-built detector, which is described in
detail elsewhere [21], operates on the basis of the difference in DC electrical resistance between
the solvent-rich top and pitch-rich bottom phases.
MALDI analysis and softening point determination
Pitch fractions produced by SCE were analyzed for absolute molecular weight using a
Bruker Daltonics Autoflex matrix-assisted, laser desorption/ionization, time-of-flight (MALDI-
TOF) mass spectrometer equipped with a 337 nm nitrogen laser. Instrument settings and
sample preparation details are given elsewhere [3]. Work in progress by our research group has
established that MALDI peak intensity is approximately proportional to mol number, rather than
mass [22]. Therefore, in this chapter, the mole fraction of a given oligomer was estimated by
integrating the area under the peaks covering a certain mol wt range, as illustrated by the
colored regions in Figure 4.1. Considering the oligomeric nature of the feed pitch and the
mechanisms of pitch formation [23], we have defined monomer species as having a mol wt
from 210 to 388, dimer species from 388 to 645, trimer species from 645 to 890, tetramer from
890 to 1120, and pentamer and heavier from 1120 to 1500 Da.
Reported softening points were obtained with a Mettler FP83HT Dropping Point Cell,
equipped with softening point cups. The measurements were carried out under nitrogen purge
at a heating rate of 2 °C/min, starting from approximately 20 °C below the obtained softening
point. Measurements were performed three times for each sample.
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Results and Discussion
Time required to reach steady-state in our SCE packed column
Before carrying out fractionation experiments of M-50 with toluene at SCE conditions,
the time required to reach steady-state in our multistage, packed-column apparatus was
determined. Thus, the composition and mass flow rate of both top and bottom products over
time were monitored for one column operating at SCE conditions of 350 °C, 56.2 bar (800 psig),
with a S/P ratio of 5.1/1. As shown in Figure 4.2, for a one-column extraction the “on/off valve”
leading to Col-2 is kept closed, and no solvent is feed to Col-2 in order to remove it from the
process.
Results of the steady-state experiments are shown in Figure 4.3. The oligomeric mol
fractions presented therein were obtained by integrating the absolute intensity from a given
MALDI spectrum as defined above and in Figure 4.1. Referring to Figure 4.3a, we note that the
top-product, oligomeric compositions for cuts 1-5 are fairly constant after the set pressure of
56.2 bar has been reached, deviating by no more than ± 0.02 mol fraction. Thus, once the
extraction pressure and temperature are set, the top, solvent-rich phase quickly reaches its
steady-state composition. Under these operating conditions (350 °C, 56.2 bar), both solvent and
pitch-rich phases have liquid-like densities. Therefore, the lighter liquid phase (solvent-rich) is
collected as the top product, and the heavier liquid phase (pitch-rich) is collected as the bottom
product.
The bottom product, on the other hand, takes approximately 40 minutes to be
detected. That is, this is the time required for the unextracted species of the feed pitch to reach
the bottom of the column and the level detector. During this time of unsteady-state operation,
the pitch-rich phase travels downward through the column packing while being partially
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Figure 4.3 Mol fraction in dried pitch of ( ) monomer, ( ) dimer, ( ) trimer, and ( )
tetramer oligomers in both (a) top and (b) bottom products over time from SCE at 350 °C, 56.2
bar, and S/P ratio of 5.1/1. Time “0” starts when set T and P are reached.
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Table 4.1 Mass flow rates and collection times of top and bottom products from SCE at 350 °C,
56.2 bar, S/P ratio of 5.1/1.
Feed Product
Cut Product Collection
Time
(min)
Tol. Flow
(mL/min)
Tol. Flow
(g/h)
Pitch
Flow
(g/h)
Tol. Flow
(g/h)
Pitch
Flow
(g/h)
Pitch
Yield
Mass
Frac
Pitch1 Top 12 to 35 11.5 598.2 117.3 581.7 98.1 0.84 0.14
Bottom - - - - -
2 Top 35-70 11.5 598.2 117.3 570.1 94.4 0.80 0.14
Bottom 45-65 4.6 27.6 0.24 0.86
3 Top 70-106 11.5 598.2 117.3 568.8 94.5 0.81 0.14
Bottom 65-103 4.2 23.8 0.20 0.85
4 Top 106-135 11.5 598.2 117.3 564.4 94.6 0.81 0.14
Bottom 103-132 4.0 24.3 0.21 0.86
5 Top 135-165 11.5 598.2 117.3 571.0 94.9 0.81 0.14
Bottom 132-161 3.9 23.3 0.20 0.86
extracted by the incoming solvent, which is “clean” until it contacts the pitch for the first time.
At this point, toluene by itself is a weak solvent, able to dissolve only smaller pitch molecules,
such as monomer and dimer, leaving most of the larger molecules like trimer and heavier
(trimer+) to precipitate and flow down the column. For this reason, the first bottom product
obtained (“Cut 2”) is seen in Figure 4.3b to have a higher trimer+ and lower dimer concentration
than the subsequent products. The composition of the bottom product is seen to reach steady-
state approximately 90 min after the bottom product is detected, or 130 minutes from the time
the set pressure of 56.2 bar is reached.
In addition to composition, the mass flow rates of both top and bottom products are
also of interest and were monitored over time for the cuts shown above. As seen in Table 4.1,
the pitch flow rates for the top products, i.e., the solvent-rich phase, are consistent after the
first cut. Note that no bottom product was collected in Cut 1 because no accumulation of
product had been detected in the bottom of the column at that point. However, the first bottom
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product obtained, “Cut 2”, shows a pitch flow rate of 27.6 g/h, greater than the flow rate for the
following cuts, which average 23.8 g/h. This result is in agreement with the previous observation
that the initial bottom product has a greater concentration of heavy pitch molecules that are
not extracted during start-up. As seen in Table 4.1, the mass fraction of pitch present in both top
and bottom phases is constant for cuts 1 through 5. Thus, the instabilities in composition shown
in Figure 4.3b for bottom cuts 2 and 3 do not alter the overall amount of pitch present in both
phases.
Effect of SCE operating temperature and
pressure on product purity and yield
In the two-column process depicted in Figure 4.2, the top product from Col-1 (see inset
spectra) is seen to contain primarily monomer and dimer species, which are then sent to Col-2
for the stripping of monomer, thus resulting in a narrow mol wt pitch, in this case a dimer-rich
pitch. For this to occur, the top product from Col-1 (solvent-rich phase) must have little trimer
and heavier species (trimer+) present; otherwise, these trimer+ species will precipitate with the
dimer species and result in a broader MWD of dimer-rich pitch. For this reason, operating Col-1
under conditions where the least amount of trimer+ species is extracted was of interest.
As shown in Figure 4.4, for SCEs carried out with one column at a constant S/P ratio of
5.1/1, the top-product composition is shown to be clearly affected by both operating
temperature and pressure. At an isothermal operating temperature of 350 °C, an increase in
pressure from 56.2 bar to 59.6 bar (850 psig) increases the solvent power to the extent where
not only more trimer, but also tetramer species are extracted from the feed pitch. Contrary to
what is seen at 350 °C, with a +ΔT an increase in pressure from 56.2 to 69.9 bar (1000 psig)
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results in less trimer+ species being extracted. This retrograde effect [24] has been discussed in
more detail elsewhere [18]; briefly, this occurs due to competing effects between co-solvent
interactions (due to +ΔT) and solvent power (due to pressure). Thus, with a +ΔT at 69.9 bar, the
co-solvent effect dominates, and the least amount of trimer+ species is seen to be extracted
into the solvent-rich phase (top product). However, with a +ΔT at 83.7 bar (1200 psig), the
solvent power effect once again overcomes the co-solvent effect, and more trimer+ species are
again observed in the top product.
In addition to composition, maximizing the top product pitch yield in Col-1 (YTop, Col-1) is
also of interest in order to demonstrate how two-column extractions can be used to isolate
significant quantities of a narrow mol wt product. Here, YTop is defined as the mass of pitch
extracted into the solvent-rich phase divided by the total mass of pitch feed into Col-1. If Col-1 is
operated under conditions where VLE exist, YTop, Col-1 can get no higher than about 0.20 [18];
furthermore, under such conditions the dimer content of the top, solvent-rich phase is only
about 11 mol % (or 13 wt %). This would mean that out of 117 g/hr of pitch feed into Col-1, only
3 g/hr of dimer would be fed into Col-2, resulting in a dimer-rich pitch yield of less than 0.03 for
the two-column process. On the other hand, operating Col-1 under LLE conditions, such as the
ones shown in Figure 4.4, results in YTop, Col-1 ranging from 0.70 to 0.95. With a dimer content in
the top phase on the order of 60 mol % (or 66 wt %), this gives a dimer-rich pitch yield ranging
from 0.42 to 0.62 for the two-column process, more than an order of magnitude higher than
what can be obtained with VLE. Thus, the focus of our work was on SCE conditions in the LLE
region.
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Figure 4.4 MALDI spectra of top products from one-column SCE at 350 °C, ( ) 56.2 and
( ) 59.6 bar; and +ΔT, ( ) 56.2, ( ) 69.9, and ( ) 83.7 bar. S/P ratio of 5.1/1.
Spectra have been normalized (max peak height = 1) to facilitate comparison.
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Effect of SCE solvent-to-pitch ratio on purity and yield
In addition to the SCE column temperature and pressure, another variable of interest for
controlling the purity and yield of the pitch product is the S/P ratio. As was previously discussed
in conjunction with Figure 4.2, a two-column extraction process is necessary for isolating a
dimer-rich pitch. In Col-1, the operating conditions are set such that LLE occurs, with the solvent
power of the light liquid phase ideally being strong enough so as to extract the monomer and
dimer species from the feed pitch (M-50), but not so strong as to extract any trimer+ species. As
demonstrated below, the S/P ratio plays an important role in reducing the trimer+ being sent to
Col-2, increasing the purity of the dimer-rich pitch and narrowing its MWD.
To evaluate the effect of S/P ratio on SCE performed at conditions of LLE, extractions
were performed with Col-1 with at a +ΔT (330°C bottom, 350°C middle, 380°C top of column)
and 69.9 bar; then isothermally at 350 °C and 56.2 bar. Col-2 was not used. Note that these
extraction conditions were selected because better product yields and purities were obtained at
these operating temperatures and pressures, as discussed in the section “Effect of SCE operating
temperature and pressure on product purity and yield”. The solvent (toluene) and pitch flow
rates were adjusted to give the S/P ratio of interest, ranging from 1.5/1 to 10/1. Samples were
not collected until after 90 min from when the bottom product was first detected, in order to
ensure that the system was at steady-state (see “Time required to reach steady-state in our SCE
packed column”). Figure 4.5a shows the effect of S/P ratio on the pitch yield of both top and
bottom products. Here we see that the top and bottom pitch yields for both 350 °C isothermal
and +ΔT extractions are relatively constant for S/P ratios greater than 5.1/1. However, for S/P
ratios lower than 5.1/1 the amount of pitch extracted into the top, solvent-rich phase increases
significantly.
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Figure 4.5 Effect of S/P ratio on (a) pitch yield and (b) number average mol wt (Mn) of solvent-
free, SCE top and bottom products at ( )+ΔT, 69.9 bar, and ( ) 350 °C, 56.2 bar.
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Previous researchers [18,25,26] have proposed that an increase in solvent extraction
power is related to the interaction between pitch molecules in both solvent and pitch-rich
phases, called by some as a co-solvent effect. For instance, Bolaños [26] described how pitches
would tend to precipitate from solution if their average mol wt increased relative to the solvent-
rich phase. In this case, as observed in Figure 4.5a, the pitch yield increases for the bottom
product as the S/P ratio increases because the concentration of solvent in the system is higher,
making the solvent-rich phase less concentrated in pitch, thus decreasing its average mol wt.
Since the difference in average mol wt between the solvent and pitch phases increases, less
pitch is extracted into the solvent-rich phase, so the top-product pitch yield decreases and the
bottom-product pitch yield increases. Note that once the S/P ratio is greater than 5.1/1, the top
and bottom product pitch yield are seen to reach a plateau. At this point, pitch molecules have
become dilute enough that they are only interacting with solvent, and no further change in the
molecular environment of the solvent phase occurs as infinite-dilution conditions are
approached. This trend is in agreement with Figure 4.5b, where the number average mol wt
(Mn) of both the top and bottom products (on a solvent-free basis) becomes relatively constant
at S/P ratios of 5.1/1 and above.
Another impact of the S/P ratio is its effect on the oligomeric composition of both top
and bottom products. As seen in Figure 4.6, the composition of the top product is especially
sensitive to the amount of solvent feed to the system. As the S/P ratio increases, significantly
less trimer and tetramer oligomers are extracted into the top, solvent-rich phase. This result is
consistent with our above discussion of the co-solvent effect. As discussed previously, obtaining
a dimer-rich top product with a low trimer and tetramer content is of particular interest. As seen
in Figure 4.6, operating our SCE process at +ΔT, 69.9 bar and a S/P greater than 7.5/1 yields a
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top product that has only 2.4 mol % trimer and essentially no tetramer. However, for isothermal
extractions at 350 °C and 56.2 bar, the trimer content remains high and does not decrease
below 8 mol % at S/P ratios as high as 10/1. As demonstrated elsewhere [13,27], an increase in
temperature as the solvent-rich phase flows upwards through the column, i.e., from
330350380 °C, would be expected to result in a higher pitch reflux, thus increasing the top
product purity.
The effect of S/P ratio on bottom-product composition is the reverse of that seen above.
As seen in Figure 4.6, as the S/P ratio is decreased below 3/1, the dimer content in the bottom
product decreases, while both trimer and tetramer increase. This is consistent with the results
from Figure 4.5b, that at lower S/P ratios, the solvent-rich phase is able to extract more of the
heavier species from the feed pitch as its average mol wt increases. For S/P ratios greater than
and equal to 5.1/1, the dimer, trimer and tetramer content shows no specific trend, oscillating
within ± 0.05 mol fraction.
Finally, the effect of S/P ratio on the mass fraction of pitch in both the top and bottom
phases is as shown in Figure 4.7. It is interesting to note that neither the variations in oligomeric
composition observed for the bottom phase nor for the top phase (see Figure 4.6) significantly
affect the overall mass fraction of pitch contained in the bottom phase. For the top product,
however, the decrease in trimer and tetramer content shown in Figure 4.6 results in a
commensurate decrease in the mass fraction of pitch present in the top, solvent-rich phase.
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Figure 4.6 Mol fraction in dried pitch of oligomers at different S/P ratios for (a) top and (b)
bottom products. SCE carried out at ( )+ΔT, 69.9 bar, and ( ) 350 °C, 56.2 bar. Error bars
shown are for those conditions where multiple samples were collected.
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Figure 4.7 Mass fraction of pitch in both top and bottom products from SCE at ( )+ΔT, 69.9
bar, and ( ) 350 °C, 56.2 bar.
Two-column extraction
Based on what was learned above in terms of the effect of the SCE operating conditions,
we then carried out experiments with the objective of obtaining a dimer-rich product of high
purity. A two-column setup was used (see Figure 4.2), with Col-1 operating at SCE conditions so
as to get good dimer yields with minimal trimer carryover in the overhead, and Col-2 operating
as a stripper for removal of the monomer. The two sets of operating conditions that were tried
for the two-column setup are shown in Table 4.2. In order to minimize the content of trimer+ in
123
Table 4.2 Operating conditions from two-column extractions used
to obtain the dimer-rich products A and B.
Col-2 Bottom Temperature (°C) Pressure (bar) S/P Ratio
Products Col-1 Col-2 Col-1 Col-2 Col-1 Col-2
Dimer-rich A +ΔT 380 69.9 1.5 5.1 10
Dimer-rich B +ΔT 380 69.9 1.5 10 25
Table 4.3 Mass flowrates, softening points, and compositions of the feed pitch M-50 to Col-1,
Col-1 top product serving as the feed to Col-2 (Top Col-1/Feed Col-2), and the dimer-rich
bottom products obtained from Col-2. Top Col-1/Feed Col-2 obtained from SCE at +ΔT, 69.9
bar, and S/P ratio of 10/1.
Pitch
Flow
(g/h)
Pitch Softening
Point (°C)
Di/Mo Di/Tri MALDI Area Fractions
Pitch Yield Ratio Ratio Mo Di Tri Tet
M-50 42.1 - 116 4.0 2.3 0.14 0.56 0.24 0.04
Top Col-1/Feed Col-2 31.2 0.74 80 2.0 25.8 0.33 0.65 0.02 0.00
Dimer-rich Aa 30.0 a 0.30 a 187 27.8 6.4 0.03 0.81 0.13 0.03
Dimer-rich B 9.5 0.22 215 153.3 6.9 0.01 0.81 0.12 0.06
aPitch flow and yield based on 101.1 g/h of feed pitch (M-50) to Col-1
this stream, Col-1 was operated with a +ΔT, pressure of 69.9 bar, and S/P ratios of 5.1/1 and
10/1. To facilitate the removal of the monomer in Col-2, the column was operated under low
pressure and high temperature in order to increase the volatility of the monomer. In addition,
high S/P ratios were also used to enhance the stripping process.
The dimer purities obtained are shown in Table 4.3. Compared to the feed M-50 pitch,
we see that the top product from Col-1 (“Top Col-1/Feed Col-2”) has 90% of its trimer and all of
its tetramer removed when Col-1 is operated at a +ΔT, 69.9 bar, and S/P ratio of 10/1. After this
product is sent to Col-2 and stripped, we see that the Dimer-rich B product contains only 1 mol
% monomer (vs. 14 mol % in the feed) and only 12 mol % trimer (vs. 24 mol % in the feed), and
the dimer-rich purity has been increased from 56 to 81 mol %. In previous work, we have found
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that monitoring the dimer/trimer (Di/Tri) and dimer/monomer (Di/Mo) ratios is a more sensitive
measure of the usefulness of a pitch for a given product application [20]. Clearly, these ratios
are both significantly improved over the feed pitch. Thus, dimer-rich pitches with essentially no
monomer and Di/Tri ratios as high as 6.9/1 can be obtained via two-column extraction, with the
first column being operated at SCE conditions and the second as a low-pressure stripper.
Comparison of the MALDI spectra for the feed pitch (M-50), Col-1 Top/Feed Col-2, and
Col-2 A and B bottom products is shown in Figure 4.8. Note that increasing the S/P ratio in the
SCE column (Col-1) has little impact on product purity, as both Dimer-rich A and B have
essentially the same level of trimer+ impurities, but additional solvent to the stripper (Col-2) is
seen to significantly reduce monomer impurities in the dimer-rich product.
A drawback of the high-temperature, low-pressure operation of the Col-2 stripper is
seen in both Table 4.3 and Figure 4.8 in the trimer and tetramer content of the dimer-rich
products. Even though the top product from Col-1 contains very little trimer and no tetramer
(see also Figure 4.6) the presence of both of these oligomers increases in both dimer-rich
products, indicating that some polymerization of monomer and dimer is probably occurring. This
is somewhat surprising, as the residence time of the dimer-rich pitch inside Col-2 is quite short
(20-25 min), but the fact that the pitch-rich phase in Col-2 is virtually solvent free (2-3 wt %
toluene), does increase the propensity for thermal polymerization to occur.
To avoid this undesirable reaction, Col-2 could be operated at lower temperatures.
Because the feed pitch (M-50) has already been processed at temperatures up to about 360 °C
[28], this could be considered to be the upper operating temperature for the Col-2 stripper.
Unfortunately, experiments in our laboratory have shown that operating Col-2 at 350 °C, 1.5 bar
significantly reduces the monomer volatility, increasing its content in the dimer-rich product
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Figure 4.8 MALDI spectra of feed pitch M-50 to Col-1 ( ), Col-1 top product serving as the
feed to Col-2 ( ), and the dimer-rich bottom products A ( ) and B ( ). Top Col-1/Feed
Col-2 obtained from SCE at +ΔT, 69.9 bar, and S/P ratio of 10/1. Spectra have been normalized
(max peak height = 1) to facilitate comparison.
from 3 to approximately 10 mol %, and thus lowering the product softening point below
acceptable levels for carbon materials applications.
Another possible option would be to operate Col-2 under toluene SCE conditions. This
would dramatically increase the amount of solvent present in the pitch-rich phase (dimer-rich)
to as much as 50 wt %, which in turn would greatly reduce the propensity for thermal
polymerization. For example, in a previous investigation [20], complete extraction of monomer
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in Col-2 was achieved at 350 °C and 52.7 bar (750 psig) without any observable thermal
polymerization. However, the pitch feed to Col-2 in that work contained a much higher
percentage of trimer+ species, which in this investigation has been intentionally reduced in
order to produce a dimer-rich pitch product. In the absence of this additional trimer, species
selectivity changes so that only partial extraction of the monomer would occur.
Conclusions
A two-column extraction setup using both supercritical and low-pressure, gaseous
toluene was used to produce a dimer-rich pitch product from a feed of oligomeric, M-50
petroleum pitch. By operating the first column at 69.9 bar and a S/P ratio of 5-10/1, and by
implementing a positive temperature gradient (330 to 350 to 380 °C) from the bottom to the
top of the column, trimer and tetramer species were reduced to 3.5 and 0 mol %, respectively,
in the top product. After feeding this product to a toluene stripper for monomer removal,
dimer-rich pitches with softening points greater than 200 °C were produced in yields as high as
30% of the M-50 feed. To our knowledge, this is the first time that a dimer-rich pitch product
with a demonstrably low level of both lower and higher mol wt impurities has been produced.
Nevertheless, additional investigations to improve the purity of our dimer product are
warranted. For example, LLE operating conditions in Col-1 (i.e., temperature gradient and
pressure) should be optimized to a greater extent, such that the resultant top-phase product
sent to Col-2 contains essentially no trimer+ material. For Col-2, the challenge is to eliminate
any possible thermal polymerization while still removing all of the monomer. The removal of a
small amount (e.g., 10%) of the lower mol wt dimer species would also be of interest to further
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increase the dimer product softening point to our target of 250 °C. SCE with a solvent less
aggressive than toluene (e.g., pentane) should be investigated for these further improvements.
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CHAPTER FIVE
ISOLATING PETROLEUM PITCH OLIGOMERS VIA TWO-COLUMN
DENSE-GAS EXTRACTION
Introduction
Petroleum pitches are carbonaceous materials that can serve as precursors for
manufacturing high-performance carbon fibers. Due to their high thermal conductivity (four
times that of copper [1]), low coefficient of thermal expansion [1], and low density, pitch-based
carbon fibers are among the leading materials considered for thermal management applications
[2], including microelectronics packaging, power semiconductor modules, and hybrid electric
vehicles. In such applications, thermal stresses must be minimized while excess heat is readily
removed from the heat source.
Researchers have demonstrated how carbon-based materials can be incorporated into
metal matrices to form carbon-metal composites, used as heat sinks in thermal management
applications.  Carbon-based reinforcements such as graphite particles [3], carbon fibers [4], and
carbon nanotubes [5,6] are mixed with metals [3,4] such as aluminum and copper alloys.
Overall, thermal conductivity of carbon-metal composites are comparable to the state of the art
Al/SiC composites, but have yet to be optimized such that they become economically attractive
[7,8]. In this chapter, a method known as dense-gas extraction (DGE) is investigated for
producing precursors from petroleum pitches for advanced carbon applications. Via DGE, the
molecular composition of a precursor can be tailored to enhance certain physical properties,
such as thermal conductivity.
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Petroleum pitches are produced by the thermal polymerization of aromatic decant oil, a
by-product of the fluid catalytic cracking (FCC) of the heavy gas oil fraction of crude oil. As
shown in Figure 5.1, M-50 petroleum pitch from Marathon Oil Corporation, is oligomeric in
nature with, a molecular weight (mol wt) that extends from approximately 200 to over 1000
[9,10]. The species themselves consist of alkylated polycyclic aromatic hydrocarbons (PAHs). The
predominant molecular species present in the monomeric fraction of M-50 pitch have recently
been identified by Burgess and Thies [11]. Using the identified monomeric species as building
blocks to higher oligomers, Burgess and Thies [12] then elucidated some of the possible
molecular structures present in dimer, trimer and tetramer oligomers, some examples of which
are shown in Figure 5.2. In their work, low, medium, and high mol wt portions of the monomer
were first isolated by DGE, which uses solvents under supercritical/dense-gas conditions to
fractionate pitches.
Figure 5.1 MALDI spectrum of M-50 petroleum pitch. Monomer species are defined as having a
mol wt from 210 to 388, dimer from 388 to 645, trimer from 645 to 890, and tetramer from 890
to 1120 Da.
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Figure 5.2 Monomer, dimer, trimer, and tetramer species present in M-50 petroleum pitch
[11,12].
Thus far, fractionation of pitches via DGE has been shown to be a valuable technique for
isolating oligomeric pitch species for identification by subsequent analytical characterization.
However, as discussed above, potentially far more significant application of DGE is for the
macroscopic generation of oligomeric pitches with compositions designed for specific end-
product applications.
In recent work, Cervo and Thies [13] demonstrated how a two-column, continuous-flow,
DGE process could be used to fractionate M-50 into dimer-rich pitches of purities greater than
80 mol% with an overall yield, based on the original feed, of 30 wt%. In their work, Cervo and
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Thies [13] maximized yield in the first column (Col-1), a stripper, by operating under supercritical
conditions. In Col-1, both positive temperature gradients (+ΔT) and high solvent-to-pitch (S/P)
ratios where shown to improve selectivity for monomer and dimer species. The extract of Col-1
was then sent to a second column (Col-2), a low-pressure stripper operated at 380 °C, where
monomer was stripped out and a dimer-rich pitch was obtained at the bottom of Col-2. In this
process, impurities in the dimer-rich pitches were due to trimer species present in the extract
from Col-1, and tetramer species originated from the thermal polymerization of dimer into
tetramer due to the elevated temperatures in Col-2.
In this work, two-column DGE was used to produce both dimer- and trimer-rich pitches
from M-50 petroleum pitch. In addition to the effect of S/P ratio and +ΔT, the pitch feed location
and the use of other solvents under supercritical extraction (SCE) conditions are also taken into
consideration. Moreover, the composition of M-50 is estimated, demonstrating the
effectiveness of our two-column, multistage, continuous DGE process in controlling the mol wt
distribution of pitches.
Materials and Methods
Materials
Isotropic petroleum pitch M-50 (CAS 68187-58-6) was obtained from Marathon Oil
Corporation, with a reported softening point ranging from 104-124 °C. The softening point of
our particular M-50 pitch was measured in our laboratory and found to be 116 ± 1°C. HPLC-
grade toluene (CAS 108-88-3) and pentane (CAS 109-66-0) with a stated purity of 99.9 % were
obtained from Fisher Scientific and used as the extraction solvents. For MALDI analysis, the
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matrix 7,7,8,8-tetracyanoquinodimethane (CAS 1518-16-7) was obtained from TCI America and
carbon disulfide (CAS 75-15-0) was obtained from Fischer Scientific.
Experimental apparatus and procedure
As shown in Figures 5.3 and 5.4, fractionation of M-50 pitch was carried out using two
packed columns. In Figure 5.3, an evaporator is used to concentrate the top product from the
first column (Col-1), while in Figure 5.4, the top product if fed directly into the second column
(Col-2). The maximum operating temperatures and pressures of both columns is 400 °C and 200
bar. Both columns consist of a 2.0 m high x 1.8 cm i.d., with an actual packing height of 1.5 m.
Details of the design and construction of the apparatus are given elsewhere [14].
While Figures 5.3 and 5.4 show extractions with two-columns, one-column extractions
with Col-1 are also possible. For one-column extractions described in this study, valves V2 and V3
are kept closed while V1 is open. More details on one-column DGE are given elsewhere [13,15].
For a typical two-column experiment for producing dimer-rich pitches, as shown in
Figure 5.3, the feed pitch is delivered to the lower 1/3 of Col-1’s packing in the molten state (at
~300 °C) at a flow rate of 69 g/h via a single-screw extruder and metering pump. Simultaneously,
toluene is delivered to the stillpot of Col-1 (i.e., the section of the column below the packing) at
a rate of 832 g/h via an HPLC pump, followed by a preheater. The temperature of the entering
solvent is set equal to that of the stillpot. In this case, the solvent-to-pitch (S/P) ratio is 12.1/1.
To improve selectivity, a positive temperature profile (+ΔT) is established along the length of
Col-1 [13]. For instance, both stillpot and bottom sections are set to 350 °C, the middle section
at 380 °C, and the top section at 400 °C. The operating pressure, in both Col-1 and Col-2, is
controlled by means of a top regulating valve. Due to density differences between the solvent-
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rich (extract) and pitch-rich (raffinate) phases that coexist inside the extraction column, a
counter-current flow is established. Thus, as pitch enters Col-1 and flows down the packing,
supercritical toluene flows upwards. Solvent power is controlled by means of temperature,
pressure, S/P ratio, and solvent composition. In this manner, the low mol wt species are stripped
out from the feed pitch into the solvent-rich phase at the bottom section of the packing (1/3 of
total height), set at 350 °C. In addition, a fraction of the solvent is absorbed into the pitch-rich
phase. As the solvent-rich phase flows upwards, it contacts higher temperatures due to the +ΔT.
An increase in temperature decreases the solvent power, causing some of the impurities (i.e.,
heavy mol wt) to precipitate out of solution. The precipitated pitch flows down the column,
generating a reflux that improves the purity of the solvent-rich phase. A reflux finger at the top
of both columns, serves for the same purpose. The solvent-rich phase, containing the extracted
pitch oligomers, in this case monomer and dimer, is taken off as top product (“Col-1 Top
Product”), and a pitch-rich phase containing heavier molecules, such as dimer, trimer, and
tetramer (Dimer+) that were not extracted, is taken off as bottom product (“Col-1 Bottom
Product”).
As shown in Figure 5.3, the top product from Col-1 is then sent to an evaporator where
the product is concentrated from 6 to 64 wt% pitch. The concentration of pitch is maintained by
monitoring the boiling point of the solutions. In this case, a 64 wt% pitch solution has a b.p. of
~123 °C. Properties of the concentrated solution include (1) be homogeneous (no solid
particles), (2) have the highest pitch concentration while (3) have a viscosity that allows it to be
pumped via a piston pump (Milton Roy). If the toluene content in the top product of Col-1 is not
reduced, the extraction solvent in Col-2 (mostly pentane) will have its capacity reduced due to
large amounts of toluene present in the feed stream.
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Figure 5.3 Fractionation of M-50 via two-column DGE to produce dimer-rich pitches. Col-1 and
Col-2 are operated under toluene and pentane SCE conditions, respectively.  Spectra shown are
actual MALDI spectra of feed pitch M-50 and extraction products obtained in this study. Valves
V1 and V3 are kept closed, while V2 is open. Mo, Di, Dimer+ refers to monomer, dimer, and dimer
plus heavier oligomers, respectively.
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Figure 5.4 Fractionation of M-50 via two-column DGE to produce trimer-rich pitches. Col-1 and
Col-2 are operated under toluene SCE conditions.  Spectra shown are actual MALDI spectra of
feed pitch M-50 and extraction products obtained in this study. Valves V1 and V2 are kept closed,
while V3 is open. Mo, Di, Tri, Trimer+ refers to monomer, dimer, trimer and trimer plus heavier
oligomers, respectively.
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The 64 wt% concentrated pitch solution is then delivered to the lower 1/4 packing of
Col-2 at 49 g/h. Pentane, the extraction solvent, is delivered to the stillpot of Col-2 at 643 g/h via
an HPLC pump, followed by a preheater. A +ΔT (260-255-250-240 °C) is established along the
height of Col-2, i.e., top at 260, middle-1 at 255, middle-2 at 250, bottom and stillpot at 240 °C.
The solvent-rich phase, containing monomer is taken off as top product (“Col-2 Top Product”),
and the pitch-rich, containing primarily dimer molecules is taken off as bottom product (“Col-2
Bottom Product”).
As shown in Figure 5.4, in order to produce trimer rich pitches, valves V1 and V2 are
closed, while V3 is kept open. Thus, the evaporator is bypassed and the top product of Col-1 is
fed directly into Col-2. The operating conditions in Col-1 are such that, as shown in Figure 5.4,
the top product of Col-1 is mainly comprised of monomer and dimer species, but trimer is also
present. In Col-2, extraction of monomer and dimer from the feed stream results in a bottom
product that is comprised of dimer, trimer, and little tetramer. This bottom product is the
trimer-rich pitch. Lastly, note that the operating pressure in Col-2 is lower than Col-1, so that the
top product of Col-1 can flow into Col-2. Also, note that in the case of trimer-rich pitches,
toluene is used as the extractive solvent in both columns, at supercritical conditions.
Temperature and pressure control are discussed in more detail elsewhere [14]. Briefly,
two PID-controllers, one for each column, are used to control the process temperature. The
reported column temperatures are believed to be accurate to ± 2 °C.  Column pressure in both
columns is controlled by means of a top regulating valve actuated via a National Instruments
NuDrive motion control device along with a DC servomotor and gear reducer. The system
pressure is measured with a pressure transducer (Heise, Model HPO) monitored by National
Instruments Labview software. This transducer was calibrated against a Budenberg deadweight
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tester (Model 380H) to an accuracy of 0.07 bar. Each column was maintained to within 0.14 bar
of the desired setpoint at all times.
To control the LL or LV interface inside the column, a custom-built level detector is
located at the bottom of each column. It operates on the basis of the difference in DC electrical
resistance between the solvent-rich top and pitch-rich bottom phases. More details can be
found elsewhere [16].
MALDI analysis and softening point determination
Pitch fractions produced by SCE were analyzed for absolute molecular weight using a
Bruker Daltonics Autoflex matrix-assisted, laser desorption/ionization, time-of-flight (MALDI-
TOF) mass spectrometer equipped with a 337 nm nitrogen laser. Instrument settings and
sample preparation details are given elsewhere [17]. Briefly, samples obtained from
fractionating the feed pitch M-50 via DGE were analyzed by MALDI in two manners. Top
products were analyzed on a solvent based method. First, the solvent was evaporated from the
top product as detailed elsewhere [15]. Then, approximately 0.1 g of the pitch fraction
recovered after drying was placed into an aluminum dish. Approximately 5 mL of CS2 was then
used to dissolve the sample, resulting in light orange solution. The matrix, TCNQ, was the
grounded into a fine powder and a thin film [10] deposited onto a MALDI target. Using a
capillary pipette (20 μL), approximately 2 μL of the prepared solution was deposited over the
pre-spotted matrix. The bottom samples, on the other hand, were prepared on a solvent free
basis after drying [15]. These and other sample preparation methods for MALDI of carbonaceous
pitches are discussed in more details elsewhere [18].
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Work in progress by our research group has established that MALDI peak intensity is
approximately proportional to mol number, rather than mass [19]. Therefore, in this paper, the
mole fraction of a given oligomer was estimated by integrating the area under the peaks
covering a certain mol wt range, as illustrated by the colored regions in Figure 5.1. Considering
the oligomeric nature of the feed pitch and the mechanisms of pitch formation [12], we have
defined monomer species as having a mol wt from 210 to 388, dimer species from 388 to 645,
trimer species from 645 to 890, tetramer from 890 to 1120, and pentamer and heavier from
1120 to 1500 Da. Lastly, the oligomers are abbreviated as follows: monomer (Mo), dimer (Di),
timer (Tri), tetramer (Tet), and pentamer (Pent).
Reported softening points were obtained with a Mettler FP83HT Dropping Point Cell,
equipped with softening-point cups. The measurements were carried out under nitrogen purge
at a heating rate of 2 °C/min, starting from approximately 20 °C below the obtained softening
point. Measurements were performed three times for each sample.
Results and Discussion
Effect of pitch feed location and +ΔT on product purity and yield
Before carrying out two-column extractions, the effect of feed location on both purity
and yield of the top product from Col-1 was investigated. This approach was necessary in order
to optimize the conditions in Col-1. As shown in Figure 5.3, to produce dimer-rich pitches, the
top product in Col-1 must contain monomer and dimer, while trimer+ content is minimized. On
the other hand, as shown in Figure 5.4, to produce trimer-rich pitches, the top product from Col-
1 must contain, in addition to monomer and dimer, a significant amount of trimer, while
tetramer+ content is minimized.
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In previous investigation [13], the effect of S/P ratio was elucidated. Overall, higher S/P
ratio improves the selectivity of the process, i.e., how sharp the separation is between any two
components. In the case of dimer-rich pitches, it is desirable to extract all dimer from the feed
pitch, while minimizing trimer+ species. Also demonstrated in previous investigation [13] was
the effect of +ΔT versus isothermal temperature profile. In brief, +ΔT also enhances the
selectivity of the process, and for this reason no isothermal profiles were considered in this
work. Also, operating under SCE conditions, where LLE occurs, allows for much higher solvent
capacities [13,14], thus maximizing the top product yield. Note that “yield”, or “pitch yield”, is
defined here as the mass of pitch recovered in either top, or bottom product, divided by the
mass of pitch fed to the extraction column.
To evaluate the effect of feed location on SCE performed at conditions of LLE,
extractions where performed in Col-1 at 69.9 bar (1000 psig). Two feed locations were
considered, one where the feed pitch is fed to the top of Col-1, namely “stripper”, and another
where the feed pitch is fed to the lower 1/3 of the column’s packing, namely “strip./rect.”, since
both stripping and rectifying sections are present. As shown in Tables 5.1 and 5.2, for +ΔT1
(380°C top, 350°C middle, 330°C bottom), the effect of S/P ratio is different according to the
location of the feed. For instance, when Col-1 is operated as a stripper, the trimer content in the
top product is observed to plateau at 10 mol% for S/P ratios greater than 5.1/1. When operating
Col-1 as a strip./rect., the trimer content in the top product is initially higher than that obtained
under stripping mode; however, at elevated S/P ratios, it drops to 4 mol% for trimer and to 0 for
tetramer. Thus, in order to produce trimer-rich pitches, operating Col-1 as a strip./rect. and at a
S/P ratio between 8 and 12.1/1 is desirable since the trimer content in the top product is high,
while the tetramer content is low.
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Table 5.1 Composition of feed pitch and the effect of S/P ratio on composition of top products
obtained from operating Col-1 as a stripper, +ΔT1 (380-350-330 °C), extraction solvent: toluene.
Table 5.2 Effect of S/P ratio on composition of top and bottom products obtained from
operating Col-1 as a strip./rect. at +ΔT1 (380-350-330°C) and +ΔT2 (400-380-350°C), extraction
solvent: toluene.
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As shown in Figure 5.5, when operating Col-1 as a stripper at +ΔT1 and a S/P ratio of 8, a
bottom-phase pitch yield of approximately 0.16 is obtained, comprised primarily of trimer+
species (see Table 5.2). As discussed in more detail later, the feed pitch (M-50) to Col-1 is
estimated to contain 23 wt% of trimer+ species. Thus, at these conditions, our SCE process is
able to extract ~30 wt% of essentially just trimer from trimer+ species present in the feed pitch.
Figure 5.5 Effect of feed location and S/P ratio on pitch yield of solvent-free, SCE top and bottom
products at 69.9 bar (1000 psig), under ( ) stripping mode at +ΔT1 (380-350-330 °C) and
strip./rect. mode at ( ) +ΔT1 and ( ) +ΔT2 (400-380-350 °C). Solvent: toluene.
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In the case of dimer-rich pitches, the trimer+ content in the top product of Col-1 must
be minimized. As shown in Table 5.2, by increasing the temperature of each section of the
column by 20 to 30 °C, i.e., +ΔT2, the trimer+ content in the top product is greatly reduced.
Combined with the effect of S/P ratio, a top product of only 1 mol% trimer can be produced
when Col-1 is operated under +ΔT2 and S/P ratio of 12.1/1.
The compositions of the bottom products from operating Col-1 as a strip./rect. at both
+ΔT1 and +ΔT2, and S/P ratios of interest, are shown in Table 5.2. Overall, the dimer content of
these bottom products is below 24 mol%. At Clemson University, a reliable method of
calibrating MALDI for PAHs is under development [20]. Preliminary results show that for such
bottom product (with dimer+ species), a 24 mol% in dimer content corresponds to 15 ± 2 wt%.
As discussed in more detail later, the feed pitch (M-50) to Col-1 is estimated to contain 27 wt%
dimer. Thus, as shown in Figure 5.5, if we consider the bottom-phase pitch yield obtained at
+ΔT2 and S/P ratio of 12.1 (i.e, 0.28), our SCE process is able to extract 86 ± 2 wt% of the dimer
present in the feed pitch, while the top product is observed to contain only 1 mol% trimer. Also,
based on the estimate that 24 mol% dimer corresponds to ~ 15 wt% and that the feed pitch to
Col-1 is ~50 wt% monomer (as discussed later), we are able to obtain a second estimate on the
dimer content in the feed pitch, i.e., 26 wt% dimer in M-50.
As shown in Figure 5.5, the effect of feed location and S/P ratio on pitch yield indicates
that when Col-1 is operated as a strip./rect. the yield changes linearly with S/P ratio, while for a
stripper, the yield reaches a plateau at higher S/P ratios. At first, this behavior may be thought
to be related to the number of stages, after all, when operating as a strip./rect., the pitch-rich
phase contacts only 1/3 of the total packing height. However, as shown in Figure 5.5, the
bottom-phase pitch yield at +ΔT1 and S/P ratio of 5.1/1 is much lower when operating Col-1 as a
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strip./rect. (0.25 vs. 0.13), which is unexpected, given that the packing height is reduced to a
third. Also, as shown in Table 5.2, the bottom-product obtained from operating Col-1 as a
strip./rect. contains essentially no dimer in it, while when operating as a stripper, the dimer
content has been reported to be approximately 30 mol% [13]. Again, an unexpected result, since
more dimer+ oligomers would be expected to be extracted when operating Col-1 as a stripper.
Thus, packing height alone is not the cause for the difference in behavior between the two feed
locations under consideration.
Another factor that greatly affects the fractionation of pitches is the co-solvent effect,
i.e., the interaction between pitch molecules in both solvent and pitch-rich phases. For instance,
higher S/P ratios cause the solvent-rich phase to become weaker as both the pitch
concentration and average mol wt decrease. For this reason, as shown in Figure 5.5, the bottom-
phase yield curves generally increase with increasing S/P ratio. The plateau observed when Col-1
is operated as a stripper at +ΔT1 has been described elsewhere [13]. Briefly, the pitch molecules
become dilute enough in the solvent-rich phase such that they only interact with the solvent,
and no further change in the molecular environment of the solvent-rich phase occurs as infinite-
dilution conditions are approached. When operating Col-1 as a stripper at +ΔT1, the pitch-rich
phase contacts the solvent-rich phase at three different temperatures. At each temperature, the
composition of both phases change. As the composition changes, so does the interaction
between pitch molecules in both solvent and pitch-rich phases. Thus, in the uppermost section
of the column (at 380°C), where the solvent is weaker, only the low mol wt species are
extracted. As the pitch-rich phase flows down the column, it encounters a solvent phase that
becomes stronger as temperature decreases (350 °C). However, since the low mol wt species
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have already been extracted, the differences in mol wt between the phases become greater,
and only the remaining low mol wt species present in the pitch-rich phase are extracted. As the
pitch-rich phase flows to the lowest temperature in the column (330 °C), the differences in mol
wt between the phases are such that only a fraction of the dimer+ species are extracted. Finally,
the bottom-phase accumulates in the bottom of the column, where it is collected as the bottom
product. Thus, the co-solvent effect is predominant when operating Col-1 as a stripper.
On the other hand, when Col-1 is operated as a strip./rect. at +ΔT1, the incoming feed
pitch contacts the solvent-rich phase at 330 °C, 69.9 bar (1000 psig), i.e., near the critical
temperature of toluene (Tc = 318 °C) and above its Pc (41 bar, 580 psig). At such conditions, the
solvent power has been reported to be strong enough to extract all of the feed pitch [14].
However, this is clearly not the case here since a bottom-phase, comprised of trimer+ species
and a pitch yield of 0.13, is obtained at a S/P ratio of 5.1/1. Due to the +ΔT established along the
height of the column, the solvent-rich phase becomes weaker as it flows upwards, causing a
reflux to occur. This reflux, comprised mainly of trimer+ species, flows down the column, back
into the section at 330 °C, only this time, the solvent-rich phase capacity is overcome, thus
resulting in a pitch-rich phase mostly comprised of trimer+ species. A change in S/P ratio when
operating Col-1 as a strip./rect. will only cause the solvent-rich phase to become weaker in the
section where the feed pitch is fed (at 330 °C). For this reason, a linear change in bottom-phase
pitch yield is observed. For S/P ratio greater than 12.1, the co-solvent effect would be expected
to predominate, and the yield curve would ultimately reach a plateau. However, higher S/P
ratios are not desirable, as they minimize the throughput of the system (i.e., pitch flow rate).
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Lastly, it is good to point out that the discussion above is mostly based on empirical
observations. A reliable simulation of our multistage, SCE process, that takes into account the
co-solvent effect between pitch molecules, have yet to be developed.
Dimer- and trimer-rich pitches via two-column DGE
Once the extraction conditions in Col-1 were optimized and satisfactory compositions
and yields were obtained, two-column extractions were carried out to produce both dimer- and
trimer-rich pitches.
As shown in Figure 5.3, to produce dimer-rich pitches, the top product from Col-1 is first
sent to an evaporator, where pitch concentration in the solvent (toluene) increases from 6 wt%
to 64 wt%. The concentrated pitch, comprised of monomer and dimer species, is then sent to
Col-2, where both pentane and pentane-toluene mixtures are used to extract all monomer. The
pitch-rich phase, mainly dimer, flows down the column where it is collected as a bottom
product. Based on the results from the previous section, Col-1 was operated as a strip./rect. at
+ΔT2, S/P ratio of 12.1/1, 69.9 bar (1000 psig), and toluene as the SCE solvent. The concentrated
top product from Col-1 was then fed to Col-2. To separate monomer from dimer, different S/P
ratios, pressures, temperatures, and solvent compositions were used in Col-2. For instance,
good selectivity was obtained when Col-2 was operated as a strip./rect. at +ΔT (270-260-250-
240 °C), S/P ratio of 22/1, 69.9 bar (1000 psig), and pentane as the SCE solvent. Summarized in
Table 5.3 are the composition of the streams, pitch mass flow rates, and yields. As seen for Col-
2, a sharp separation between monomer and dimer was achieved, with impurities in each
product (Monomer A and Dimer A) being less than 5 mol%. Based on these results, we are able
to estimate that the top product from Col-1, fed to Col-2, is approximately 70 wt% monomer
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Table 5.3 Composition and mass flow rate of pitch in two-column DGE for producing dimer-rich
pitches. Col-1 at +ΔT2 (400-380-350 °C), S/P = 12.1/1, P = 69.9 bar, solvent: toluene. Col-2 at +ΔT
(270-260-250-240 °C), S/P = 22/1, P = 69.9 bar, solvent: pentane.
and 30 wt% dimer. Since all monomer was extracted from the feed pitch in Col-1, and a sharp
separation was obtained in Col-2, we can also estimate the composition of monomer in the feed
pitch (M-50) to be approximately 50 wt%.
In order to extract all monomer from the feed pitch to Col-2, and obtain a dimer-rich
product of higher purity, other extraction pressures, temperatures profiles, S/P ratios, and
solvent composition were investigated. To make a long story short, solvent composition was
found to be the most effective variable in extracting the remaining 3 mol% of monomer left in
the bottom product of Col-2 (Dimer A from Table 5.3). Complete extraction of monomer from
the feed pitch to Col-2 was obtained by operating Col-2 as a strip./rect. at +ΔT (270-260-250-240
°C), S/P ratio of 24, 69.9 bar (1000 psig), and 25/75 vol% toluene-pentane mixture as solvent. In
this case, a 96+ mol% dimer-rich pitch (Dimer B) was produced at 9.3 g/h (overall yield of 0.14).
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Figure 5.6 MALDI spectra of feed pitch M-50 to Col-1 ( ), Col-1 top product serving as the
feed to Col-2 ( ), and the dimer-rich bottom products Dimer A ( ) and Dimer B ( ).
Spectra have been normalized (max peak height = 1) to facilitate comparison.
MALDI spectrum of M-50 (feed pitch to Col-1), the feed pitch to Col-2, and dimer-rich pitches
Dimer A and B are shown in Figure 5.6. As evidenced in the mass spectrum of Dimer B, the
impurities in this fraction are due to trimer (1 mol%) and tetramer (3 mol%) species. Since no
tetramer species were present in the feed pitch to Col-2, this indicates that dimer is reacting
with itself to form tetramer inside the column. Such thermal polymerization reactions have been
previously observed in our process at extraction temperatures of 380 °C [13], and are confirmed
to occur here even at temperatures between 240 to 270 °C. However, note that the MALDI
spectra of the dimer-rich pitches shown in Figure 5.4 were prepared by solvent-based method.
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Kulkarni et al. [18] have demonstrated that for such sample preparation method, the higher mol
wt species are accentuated. Thus, on a solvent-free basis, Dimer B was actually found to be a 99
mol% dimer-rich pitch, with minimal trimer+ impurities.
Trimer-rich pitches, on the other hand, were produced without the use of the
evaporator, as shown in Figure 5.4. The top product from Col-1 is sent directly to Col-2, where
supercritical toluene, at pressures lower than that of Col-1, is used to extract both monomer
and dimer from this stream and obtain a pitch-rich phase, that flows down Col-2 and is collected
as a bottom product.
As shown in Table 5.2, by operating Col-1 as a strip./rect. at +ΔT1, S/P ratio of 8.0, and
69.9 bar, a top product comprised of 15 mol% trimer and minimal tetramer is obtained. This top
product from Col-1, containing 10 wt% pitch, was then sent to Col-2, where the feed location
and S/P ratio where kept constant (strip./rect., 17/1) and both pressure and temperature
profiles were varied in order to control the solvent power and selectivity of the extraction. For
instance, a 60 mol% trimer-rich pitch was obtained in Col-2 at 60 bar (850 psig) and +ΔT (380-
380-350-350 °C). Summarized in Table 5.4 are the composition of the streams, pitch mass flow
rates, and yields. As seen for Col-2, all of the monomer, and most of the dimer were extracted
from the feed pitch. The remaining 28 mol% of dimer in the bottom product is roughly
equivalent to 15 wt%, as discussed previously. Based on these results we are able to estimate
that approximately 93 wt% of the feed pitch to Col-2 is comprised of monomer and dimer
species, while 7 wt% are is mostly trimer species. Also, if we take into account that the feed
pitch (M-50) to Col-1 was estimated previously to be 50 wt% monomer, the dimer content in M-
50 can now be estimated to be approximately 27 wt%. The remaining 23 wt% are trimer+
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Table 5.4 Composition and mass flow rate of pitch in two-column DGE for producing trimer-rich
pitches. Col-1 at +ΔT (380-350-330 °C), S/P = 8/1, P = 69.9 bar (1000 psig), solvent: toluene. Col-2
at +ΔT (380-380-350-350 °C), S/P = 17/1, P = 60 bar (850 psig), solvent: toluene.
species. Thus, as shown in Table 5.4, an overall yield of trimer-rich pitch of 0.07 corresponds to
extracting approximately 30 wt% of the trimer+ species present in M-50.
In order to reduce the dimer content in the bottom product and obtain a trimer-rich
product of even higher purity, the extraction pressure in Col-2 may be raised above 60 bar.
However, as shown in Table 5.4, some trimer is already observed in the extract at 60 bar, so an
increase in pressure would not only cause even more trimer species to be extracted, but would
also significantly decrease the overall yield of trimer-rich pitch obtained as bottom product in
Col-2. To improve selectivity at higher pressures, the temperature profile was raised by 20 °C in
the upper sections of Col-2 (+ΔT of 400-400-350-350 °C). As shown in Figure 5.7, at 63.1 bar (900
psig), higher temperatures not only increase the dimer content in the bottom product (Trimer
B), but also more tetramer is obtained than when operating at +ΔT (380-380-350-350 °C), 60 bar
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(Trimer A). Figure 5.7 also shows a bottom product (Trimer C) obtained from Col-1 for
comparison with the bottom products from the two-column SCE process. As seen, when Col-2 is
operated at +ΔT (380-380-350-350 °C) and 60 bar (Trimer A), the tetramer content is reduced,
when compared to the bottom product from the one-column DGE (Trimer C), but not eliminated
due to (1) thermal polymerization of dimer into tetramer inside Col-2 and (2) tetramer
impurities present in the feed pitch to Col-2 (i.e., top product from Col-1).
Figure 5.7 MALDI spectra of trimer-rich bottom products. Trimer A from Col-2 at +ΔT (380-380-
350-350 °C), S/P = 17/1, 60 bar ( ), Trimer B from Col-2 at +ΔT (400-400-350-350 °C), S/P =
17/1, 63 bar ( ), and Trimer C from Col-1 at +ΔT2, S/P = 12.1/1, 69.9 bar ( ). Both columns
operated as strip./rect. with toluene as the extraction solvent. Spectra have been normalized to
trimer content (max peak height = 1) to facilitate comparison.
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From a separations perspective, thermal polymerization inside Col-2 is undesirable
because it broadens the mol wt distribution of the bottom product, limiting our capability to
produce pitches of controlled composition. To overcome such reaction, lower extraction
temperatures (330-340 °C) have been applied to Col-2. However, as the operating temperature
gets closer to the Tc of the solvent (i.e., 318 °C), the solvent power becomes more sensitive to
changes in pressure. Thus, at lower temperatures, we have yet to identify an operating pressure
that will not completely extract the feed pitch to Col-2.
Another approach to overcoming thermal polymerization inside Col-2 is to use solvents
with lower critical temperatures. In this case, the extraction scheme used for producing the
dimer-rich pitch could be of use, i.e., as shown in Figure 5.3, an evaporator would first
concentrate the top product from Col-1, followed by the extraction of both monomer and dimer
in Col-2. Extraction solvents in Col-2 could be hexane (Tc = 235 °C), heptane (Tc = 267 °C), or
mixtures, like toluene and pentane (Tc = 318 to 197 °C).
Although thermal polymerization inside Col-2 may not be entirely desirable, two
positive observations can be made. First, as shown in Figure 5.7, the thermal polymerization
observed at higher operating temperatures confirms the existence of an actual reflux inside our
SCE process. For instance, when the temperature in the upper sections of Col-2 was raised from
380 to 400 °C, the tetramer content in the bottom product increased (see Trimer A and B from
Figure 5.7). Thus, as the solvent-rich phase flows upwards, and the temperature changes from
350 to 400 °C, a pitch-rich phase precipitates and flows down the column’s packing, where
higher temperatures would naturally increase the propensity for polymerization reaction of
dimer into tetramer to occur.
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Lastly, summarized in Table 5.5 are the compositions, overall pitch yields, and softening
points of pitches produced in this work, as well as that of the starting material, M-50. As shown,
Monomer A (96 mol% Mo) has a softening point of 41 °C. In fact, Monomer A is a sticky material
at room temperature of a deep red color. As elucidated in this work, 50 wt% of M-50 is
monomer. Thus, the softening point of M-50 is greatly affected by its monomer content.
Table 5.5 Composition, overall pitch yield and softening point of selected pitches produced in
this work.
MALDI Area Fractions Overall Pitch Softening
Pitch Mo Di Tri Tet Pent Yield Point (oC)
M-50 (Feed Pitch) 0.16 0.57 0.23 0.04 0.00 - 116.1 ± 0.8
Monomer A 0.96 0.04 0.00 0.00 0.00 0.50 41.1 ± 0.2
Dimer Aa 0.03 0.96 0.01 0.00 0.00 0.30 170.3 ± 0.5
Dimer Ba 0.00 0.96 0.01 0.03 0.00 0.14 216.7 ± 1.8
Dimer B 0.00 0.99 0.00 0.00 0.00 0.14 216.7 ± 1.8
Trimer A 0.00 0.28 0.60 0.11 0.01 0.07 286.1
Trimer B 0.00 0.19 0.42 0.36 0.03 0.10 319.1 ± 0.5
Trimer C 0.00 0.24 0.49 0.22 0.05 0.28 332.8 ± 1.3
a MALDI via solvent-based sample preparation.
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Dimer-rich pitches, on the other hand, have higher softening points. As shown in Table
5.5, for the 96+ mol% dimer-rich pitch (Dimer B), the softening point was 217 °C. Compared to
previous work [13], where 80+ mol% dimer-rich pitches (1 mol% monomer impurity) were
produced with softening points up to 215 °C, the slightly higher softening point obtained here is
due to complete extraction of monomer from the dimer-rich pitch. In terms of applicability, such
dimer-rich pitch precursors have satisfactory softening points and can be easily converted into
carbon fibers. In order to obtain dimer-rich pitches of higher softening points, the low mol wt
species can be extracted in Col-2 by increasing the toluene concentration in the extractive
solvent mixture.
As shown in Table 5.5, the trimer-rich pitches produced in this work have softening
points between 286 and 333 °C. Thus far, only 60 mol% trimer-rich pitches have been produced.
Work is underway in our laboratory to optimize the conditions in both Col-1 and Col-2 so that
trimer-rich pitches of higher purities can be obtained at higher overall pitch yields. By reducing
the tetramer+ content, trimer-rich pitches are expected to have softening points close to 250 °C,
i.e., ideal precursors for transforming into carbon fibers because (1) they would require less time
for stabilization and (2) trimer species are comprised of large PAHs, such precursors would form
highly oriented fibers, which in turn would improve physical properties, such as thermal
conductivity.
Conclusions
In this investigation, an oligomeric petroleum pitch (M-50) was fractionated using a set
of continuous, counter-current, multistage, packed columns. Pure monomer and dimer were
isolated using supercritical toluene in the first column (Col-1), while supercritical pentane was
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used in the second column (Col-2). A trimer-rich pitch was isolated using supercritical toluene in
both columns. As demonstrated, solvent-to-pitch (S/P) ratios >10 and positive temperature
gradients (+ΔT) improve the selectivity of the process. In addition, the feed pitch location to Col-
1 was compared, i.e., operating as a stripper vs. a stripper/rectifier. Overall, monomer- and
dimer-rich pitches with purities of 96+ mol% and trimer-rich pitches of 60 mol% were obtained
on a continuous basis. Based on these results, the composition of M-50 was estimated to be 50
wt% monomer, 27 wt% dimer, and 23 wt% of trimer and heavier species. To our knowledge, this
is the first time that the oligomers from an oligomeric pitch are quantified and both dimer- and
trimer-rich pitches are produced in significant quantities for manufacturing carbon artifacts.
Although satisfactory yields and purities were obtained with the two-column process for
producing dimer-rich pitches, the process for producing trimer-rich pitches have yet to be
optimized such that (1) the trimer content in the top product of Col-1 is higher, while tetramer+
is minimized, (2) higher trimer-rich yields are obtained in Col-2, and (3) thermal polymerization
of dimer into tetramer is reduced. To minimize this reaction, solvents with lower critical
temperature, capable of extraction both monomer and dimer from the pitch feed to Col-2, may
be used. Pentane-toluene mixtures are also another option.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
At the completion of his work on the fractionation of pitches by continuous-flow,
counter-current extraction column, Edwards [1] made several recommendations with respect
to the DGE apparatus and future work that were incorporated.  First, per Edwards’
recommendation, the feed throat from the extruder used to deliver molten pitch (M-50) to Col-
1 was modified to incorporate a nitrogen purge, thereby reducing the chances of pitch
oxidation. Also, the temperature of the extruder’s feed zone (zone 1) was lowered from 160 to
70 ˚C by means of a fan and cooling coil. Second, Edwards had pointed out that a pressure
gradient across the metering pump would most likely affect the flow rate of molten pitch to the
column. As shown in Appendix E, the flow rate is affected by 0.012 g/(h·psi), i.e., a ± 1 wt%
deviation for every psi increment across the metering pump. Thus, in this work the pressure on
the outlet of the extruder was kept as close as possible to the operating pressure of the
extraction column.
A third recommendation of Edwards, which was incorporated herein by the author
was the use of a high-pressure cylinder with an internal floating piston, to pump pitches with
softening points below 100 ˚C. Such a device was used in Chapter 3 to pump a pitch fraction
comprised mainly of low mol wt species (90 mol% monomer-dimer) from M-50.
A final recommendation of Edwards incorporated herein was to investigate the use of
different solvents for fractionating pitches under DGE conditions. In Chapter 5, the use of
supercritical toluene in Col-1 and supercritical pentane in Col-2 to fractionate M-50 and
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produce a dimer-rich pitch was discussed. Methanol was also considered as a solvent for DGE
in this work; however, methanol is not only a much weaker solvent than pentane for PAHs, but
was also found to react with the pitch at ~250 ˚C, creating a clog inside the column.
During the 5+ years that the author worked with the DGE apparatus, several
additional measures were taken to improve the safety and facilitate the operation of the
equipment. For instance, the glass sampling jars used for collecting samples of both top and
bottom products was originally immersed in a bucket of water. This water bath would have to
be refilled with ice every 15 min in order to keep the jars cold enough so that all flashed
toluene could be re-condensed into the sampling jar. As shown in Figure A.5, a cooling system
was constructed such that the jars for the top product of Col-1 and Col-2 could be kept at ~5 ˚C
with minimal oversight during the course of an experiment. The sampling jars used for the
bottom products were not incorporated into the cooling system because, in most cases, the
solvent content of such samples was low and a simple bucket with cold water would suffice for
hours.
Another significant improvement made to the DGE apparatus by the author was the
automation of the bottom valve for Col-1. During the first 2-3 years of this research, and over
Dr. Thies’s objections, the bottom valve was controlled…manually! This was a tedious task: to
open/close a valve every 5-10 min during a 10-15 h run. After reviewing Wince’s [2] thesis and
learning the basics of LabVIEW, the level detector was connected by the author to LabVIEW’s
hardware, as shown in Figures A.6 and B.8. As discussed in more detail in Appendix B, the
bottom valve was then automated by establishing a connection between the level detector and
a servomotor connected to the valve. Note that the top valve of Col-2 also had to be
automated once the second column was built.
162
Another operating improvement to the DGE apparatus was the modification of the
liquid level detectors in the bottom of Col-1 and Col-2 in order to reduce the dead volume. As
shown in Figure 6.1, the extension adapted to the level detector reduced this dead volume
from approximately 4 to 0.6 mL. Thus, at a pitch flow rate of 10 g/h and phase density of 1.2
g/mL, the time for interface detection was reduced from 30 to 4 min. This measure not only
minimizes the time that the bottom product is exposed to the elevated temperatures that can
cause thermal polymerization, but also allows for sample collection to begin earlier since the
bottom product is detected faster. This feature was essentially needed at DGE conditions
where bottom-product flow rates are low, i.e., on the order of 5 g/h.
Figure 6.1 (a) Original design of the liquid level detector used in Col-1 and (b) modified liquid
level detector with extension. Similar design used in Col-2. Figure not drawn to scale.
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A change made to the overall DGE operating procedure was in the area of solvent
recovery. As explained in Appendix D, 10 to 15 L of toluene are consumed in a typical
experiment and were being disposed as a hazardous waste. Thus, a five-stage distillation
column, whose parts were scattered around Earle Hall, was assembled in order to carry out
solvent recovery. Distillate purities of 99+ wt% toluene (as measured by GC-MS) are routinely
achieved with this setup, with a reflux ratio of 0.43 being typically used.
Last but certainly not least, the safety of the DGE apparatus was improved by
incorporating alarms, reducing operator exposure to organic vapors, and, as mentioned above,
automating selected tasks. New alarms included (1) the level of bottom phase in Col-1, (2) the
pressure at the inlet of the metering pump, and (3) the temperature of the evaporator (see
Appendix B). In order to reduce operator exposure to organic vapors, the technique for changing
top and bottom products sampling jars was modified. For instance, the glass jar from the top
product used to be swapped without closing the top valve or redirecting the flow to another
container. Thus, a solvent vapor cloud was emitted every time a jar was changed (every 20 to 45
min). As shown in Figure A.2, the operator may now redirect the flow of top product to a waste
jar while the top product sampling jar is changed. In fact, during startup, allowing time to reach
steady-state, or shutdown, the flow of top product is directed into a 1 L waste jar. The liquid
that accumulates in the waste jar siphons into a 3.7 L jug since the jar is at a slightly higher
pressure than the jug. Thus, the operator is now only required to swap jugs every 2 to 4 hours,
with minimal exposure to organic vapors.
In Chapter 2, the continuous DGE apparatus built by Edwards was used in the
stripper mode to fractionate both M-50 and A-240 pitches. In this work, the effect of pressure
and temperature on bottom-product composition and pitch yield was considered. Fine control
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over composition was achieved while operating under supercritical conditions, where pressure
changes of as little as 25 psig (3 bar) produced significant changes in dimer content, as
observed by MALDI mass spectrometry. Variation in MALDI data was recognized to be of major
importance in order to compare the spectra of different samples. To this end, samples of
similar composition were analyzed on the same day, at the same laser power and other
instrument parameters. Similar approach was taken throughout the rest of this dissertation
and has also been adopted by other group members since then. In addition, Chapter 2
demonstrates how HYSYS can be used to simulate the continuous DGE process. Overall, HYSYS
was found to satisfactorily predict both pitch yield and composition of the products at lower
extraction pressures (e.g.,350°C, 52.7 bar). However, extractions at higher pressures and/or
with temperature gradients were generally inaccurate. Nevertheless, preliminary simulations
with HYSYS indicated that middle-cuts with 80+ wt% trimer could be obtained via two-column
DGE, i.e., by fractionating the top product of Col-1 in a second column.
In Chapter 3, DGE was used as a stripper to (1) further demonstrate how temperature
and pressure affects both bottom-product pitch yield and composition, (2) fractionate M-50 into
pitches of varying composition, softening point, and mesophase content, and (3) demonstrate
how a two-column extraction process could yield middle-cut pitches. First, when a +ΔT was
imposed in DGE column, the competing effects between pressure and co-solvent interactions
become clear and were show to play an important role in pitch yield, composition, and
selectivity. Isothermal DGE near the critical temperature of toluene (Tc = 318 °C), at 330 °C, was
shown to be undesirable because small changes in pressure result in poor control over the mol
wt distribution of pitches. On the other hand, at 350 °C and pressures from 52.7 to 63.1 bar, the
solvent power can be controlled such that the dimer content in the bottom product yield
165
pitches of varying softening point and mesophase content. In these products, mesogens were
concentrated in the pitch-rich phase as more dimer species were extracted at increasing
extraction pressures. Mesophases with the microstructure typically found in the precursor for
high-performance carbon fibers were readily obtained from DGE fractions rich in dimer and
heavier species (dimer+). Lastly, in addition to one-column DGE, a two-step DGE that emulates a
two-column process was proposed. Preliminary results of such process indicated that a middle-
cut pitch, containing primarily dimer and trimer oligomers could be obtained with this method.
In Chapter 4, the operating conditions in Col-1 were optimized such that steady-state
yield and compositions were obtained under supercritical extraction (SCE) conditions (i.e.,
where LLE occurs) and the selectivity and yield for monomer and dimer species were maximized
in the solvent-rich phase (top product). Under SCE conditions, the top product takes less than 30
min to reach steady-state yield and composition, while the bottom product takes at least 90 min
from the time it is first detected. Subsequent extractions under LLE take this wait time into
consideration. While selectivity decreases under supercritical conditions, pitch yield in the
solvent-rich phase significantly increases from approximately 0.1 to more than 0.7. To improve
selectivity under LLE conditions, the combined effect of +ΔT (vs. isothermal) and S/P ratios
greater and 5.1/1 were shown to play an important role. Top products containing less than 4
mol% trimer+ species were produced at pitch yields greater than 0.7. Such products were then
sent to a second column (Col-2), a low-pressure stripper at elevated temperatures, where
monomer was separated from dimer and dimer-rich pitches were produced in a continuous
process. Note that prior to operating Col-2 at low pressures, toluene at near or supercritical
conditions was also used and found to either extract all of the feed pitch or yield products of low
purities (i.e., poor solvent selectivity). Also, even though the feed pitch to Col-2 contained no
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tetramer species, these were found in the produced dimer-rich pitches, which suggested that
thermal polymerization of dimer into tetramer was taking place inside Col-2 due to (1) the
elevated temperatures (380 °C) necessary for increasing the volatility of monomer and (2) the
low solvent content (< 3 wt%) in the pitch-rich phase, which increases the propensity for
reaction. Monomer reaction with itself or with dimer species to form trimer was believed to
occur as well, but wasn’t as clear because the feed pitch to Col-2 did contain some trimer
species in it. Overall, 80+ mol% dimer-rich pitches with softening points up to 215 °C were
produced in significant quantities (pitch yields > 0.2) and can now be used for manufacturing
advanced carbon products.
Differently from the low-pressure stripper used in Chapter 4, in Chapter 5, a two-
column, continuous DGE process was investigated for producing both dimer- and trimer-rich
pitches from M-50. The pitch feed location in both Col-1 and Col-2 was such that the columns
had both stripping and rectifying sections (“strip./rect.”), which allowed for higher selectivities
to be achieved. In addition, the effect of S/P ratio, elucidated in Chapter 4, combined with the
effect of +ΔT, were used to optimize the conditions in Col-1 so that high yields were obtained
while operating under SCE conditions.
In the case of dimer-rich pitches, the conditions in Col-1 were such that only monomer
and dimer species were extracted while the trimer+ content was lower than 1 mol%. As shown
in Figure 6.2, several attempts were made to separate monomer from dimer at lower
temperatures so that thermal polymerization was prevented. Pitches of 96+ mol% dimer were
produced at an overall yield of 0.16 and with softening points of 217 °C.
On the other hand, to produce trimer-rich pitches, the top product from Col-1 was fed
directly into Col-2, where the extraction of monomer and dimer from the feed pitch was carried
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out with supercritical toluene. Pitches of 60 mol% trimer were produced at an overall yield of
0.07 and with softening point of 286 °C (adequate for fabricating carbon fibers). Compared to
bottom products obtained from one-column DGE, trimer-rich pitches via two-column DGE have
lower impurities (insolubles) and tetramer+ content. Since trimer species are relatively large
PAHs, trimer-rich pitches are thought to be promising precursors for manufacturing carbon
fibers for advanced carbon applications, such as high thermal conductivity metal-graphite
composites.
Figure 6.2 The path, among bumps on the road, to produce 96+ mol% dimer-rich pitches. Mo
and Di refer to monomer and dimer, respectively.
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Based on the results presented in Chapter 5, the oligomeric composition of M-50 was
estimated to be 50 wt% monomer, 27 wt% dimer, and 23 wt% trimer+ species. If we assume
that trimer alone comprises at least half of the trimer+ species, the maximum overall pitch yield
in the two-column process would be close to 0.12 of pure trimer. Compared to the 60 mol%
trimer-rich pitch obtained so far at an overall pitch yield of 0.07, operating conditions have yet
to be optimized in this two-column process such that (1) the trimer content in the top product
of Col-1 is higher while tetramer+ is minimized, (2) higher trimer-rich yields are obtained in Col-
2, and (3) thermal polymerization of dimer into tetramer is reduced.
In conclusion, this dissertation has demonstrated how DGE can be used to effectively
control the mol wt distribution of pitches: M-50 has been fractionated into 98+ mol% monomer-
[3], 96+ mol% dimer-, and 60 mol% trimer-rich pitches. The effects of temperature, pressure,
S/P ratio, solvent composition, and feed location have been discussed throughout this work.
Among the recommendations made next, finding suitable applications for the fractions
produced herein is of high priority in order to consolidate DGE as an attractive separation
method for carbonaceous pitches.
Recommendations
Dense-gas extraction columns
To keep the DGE columns working properly, regular maintenance is recommended. A
list of the most common tasks to be performed, and a maintenance schedule, are given in
Appendix A. Changes to the DGE apparatus setup also need to be made, including (1)
automation of the bottom valve from Col-2 via LabVIEW, (2) correction of the fail-safe behavior
of the valves controlled via LabVIEW, (3) installation of more thermocouples throughout Col-2,
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and (4) purchase of a second HPLC pump with a head capacity of 20 mL/min to replace our
smaller 10 mL/min unit. Finally, it is recommended to continue the use of the distillation column
to recover spent solvent (regularly checking purity via GC or GC-MS) following the procedure
and safety remarks made in Appendix D.
MALDI
Clearly, the research performed by the group is critically dependent on the mol wt
characterization of the pitches and pitch fractions being processed and/or produced. Everybody
in our group depends, or has depended, on our Bruker Autoflex unit. It is no exaggeration to say
that when the MALDI isn’t work, our group panics. Therefore, take care of the MALDI. Become
familiar with the unit such that you can troubleshoot and make small repairs to it yourself, as we
will probably never be able to afford the cost of a $30 k service contract. In general, Bruker
personnel have been helpful in troubleshooting problems, but don’t abuse their helpfulness, or
it could very well go away. The collective wisdom of the group should always be consulted first.
Thermal polymerization of pitches
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Mixing of oligomers
The mixing of oligomers produced via DGE should be investigated for producing pitches
of controlled composition. In particular, known amounts of each oligomer can be combined in
different ratios to produce unique precursors whose properties (e.g., viscosity, softening point,
mesophase content, thermal conductivity, etc) should be investigated for possible
improvements, compared to the existing precursor pitches. In order to mix these oligomers and
produce products that are homogeneous, the tubular reactor shown in Appendix A might be of
interest. For instance, the reactor could be used to combine a pitch with trimer and heavier
species (i.e., trimer+), generally insoluble, with a monomer-rich fraction. In addition, 10 to 15
wt% toluene may be added in order to induce the mesophase to become liquid (a.k.a “solvated
mesophase” [4]). One important factor here is to avoid thermal polymerization of the monomer
and trimer+ species; otherwise, one will obtain a “soup” of oligomers, just like with M-50.
Temperatures as low as 230 °C may be enough to homogeneously combine the monomer,
trimer+, and the solvent. In closing, we note that Tekinalp [5] has previously attempted to mix a
monomer-rich pitch with a trimer+ fraction using an intensive mixer (Thermo Haake Rheomix)
under nitrogen purge. Briefly, Tekinalp was able to produce pitches that appeared to be
homogeneous after mixing at temperatures that ranged from 180 to 240 °C. During mixing,
significant evaporation of the monomer was observed. Even though the final product appeared
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to be a homogeneous melt after mixing, mesophase (probably unmixed trimer+ species) was
still visible under polarized light microscopy, raising questions about the homogeneity of the
final product.
Production of trimer-rich pitches
Although Chapter 5 reports on the production of trimer-rich pitches, there is still much
room for improvement in terms of both purity and overall pitch yield. For instance, the
operating conditions in Col-1 need to be such that the selectivity for trimer is improved, i.e., the
trimer content in the top product maximized while the tetramer and heavier (tetramer+)
content is minimized. Optimization on a trial-and-error basis is proving to be cumbersome.
Ideally, a reliable process simulation of DGE should be used to guide the selection of variables.
Thus far, the approach taken has been essentially empirical, and some of the variables explored
include S/P ratio, temperature profile, feed location, pressure, and solvent composition. Results
and trends presented throughout this dissertation can now be used to validate future modeling
efforts that could lead to further process optimization.
As discussed in Chapter 5, tetramer impurities in the trimer-rich pitches produced so far
occur due to thermal polymerization reaction of dimer into tetramer inside Col-2. This reaction
may be minimized if other solvents are used, i.e., solvents with Tc < 300 °C that are strong
enough to extract both monomer and dimer. In Chapter 5, pentane was used to extract
monomer from a monomer-dimer pitch. Pentane alone is too weak to extract dimer. Heavier
alkanes, of slightly higher mol wts, such as hexane and heptane, are recommended trying for
extracting both monomer and dimer and producing a trimer-rich pitch in Col-2.
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Solvent mixtures may also be used in Col-2 to extract monomer and dimer from the feed
pitch. In Chapter 5, the use of a 25/75 vol% toluene-pentane solution to extract all monomer
from the feed pitch and produce a dimer-rich product is discussed.  In order to extract not only
monomer, but also dimer, the toluene content in the solvent feed can be increased. Keep in
mind though, that higher toluene concentrations in the solvent will elevate the Tc, so higher
temperatures will be necessary to stay in the supercritical region.
Another possibility is to operate Col-2 as a low temperature, liquid-liquid extraction
column (below supercritical conditions). Pentane, or other alkanes, may be mixed with toluene
to control the solvent power. The concentrated pitch solution from Col-1 would be fed into the
top of Col-2, while the solvent of lower density would be fed to the bottom, thus generating a
countercurrent flow.
Lastly, instead of feeding the top product of Col-1 into Col-2, the bottom product from
Col-1, containing trimer+ species, could be fed into Col-2, where the trimer species would be
extracted by the solvent-rich phase. This option was taken into consideration in the early days of
two-column DGE, but wasn’t implemented for several reasons. First, note that a trimer+ fraction
has a softening point greater than 400 °C; however, inside the DGE column, this material is able
to flow due to its toluene content (~ 15 wt%), which acts as a softening point depressant [4].
Thus, feeding the bottom product from Col-1 directly to Col-2 seems possible, but still
challenging because (1) a high pressure drop, greater than 700 psig, between Col-1 and Col-2
would be necessary to get this trimer+ product into Col-2 (in reality, ~ 700 psig seems to be
necessary for just pushing this trimer+ bottom product out from Col-1 into a sampling jar, just
below the regulating valve), and (2) even if the bottom product from Col-1 could be fed into Col-
2, the extraction pressure in the second column would have to be greater than that of Col-1 in
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order to extract the trimer from the feed pitch (thus eliminating the driving force, ΔP, between
Col-1 and Col-2). Different temperature profiles, S/P ratios, and even solvents with lower Pc’s
should be considered in Col-2 so that a pressure gradient between the columns can be
maintained. Another option is to perform two separate extractions, similar to what was done in
Chapter 3, but in this case, enough trimer+ material would have to be collected first. After
drying this material and measuring its softening point, the extruder would be used to deliver the
molten trimer+ pitch to Col-1, where trimer would be extracted by a SCE solvent. Note that the
maximum operating temperature of the extruder is 450 °C and that at temperatures higher than
350 °C thermal polymerization, pyrolysis and oxidation reactions are known to occur (see
Chapter 6 from Edwards [1]). With all honesty, take my pessimism towards this idea as leverage
to prove me wrong, after all, PhD is also about trying different ideas to achieve better results.
Another motivation for implementing such setup is that trimer-rich pitches of higher purity and
yield could be obtained since all the low mol wt species (monomer and dimer) have already
been extracted.
Co-solvent effect in pitches
No experimental data is available in the literature that clearly demonstrates or attempts
to quantify the co-solvent effect between pitch species at elevated temperatures and pressures.
However, such an effect is evident in Conoco’s 1996 patent [6], which discusses a subcritical,
liquid-liquid extraction process for producing mesophase pitches. In this process, an increase in
“pitch oil” (i.e., the fraction of pitch with b.p. below 525 °C, equivalent to monomer and dimer
species in M-50) in a heat soaked isotropic pitch, was said to cause an increase in softening
point of the bottom pitch product. In other words, more of the feed pitch was extracted
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Figure 6.4 The semibatch DGE apparatus can be used to quantify the co-solvent effect between
low mol wt, dimer species and high mol wt, trimer species by modifying the composition of the
solvent feed.
because of an increase in low mol wt species present in the solvent-rich phase. Similarly, in
Chapter 4, a decrease in S/P ratio was shown to cause a significant decrease in bottom product
pitch yield because of an increase in the extraction power of the solvent-rich phase.
As shown in Figure 6.4, the semibatch column could be used to demonstrate how a
pitch charge that is insoluble in supercritical toluene under a certain operating conditions may
be extracted once a co-solvent is mixed into the solvent feed. For instance, a pitch charge
containing trimer+ species would be loaded into the column. The column profile would need to
be isothermal (e.g., 350 °C) to eliminate the effect of ±ΔT. Initially, the extraction pressure
would need to be such that no trimer+ species are extracted, usually from 600 to 800 psig, with
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toluene being used as the extractive solvent. At first, the extract may be seen to contain some
low mol wt species, but with time it should become clear. At this point, the solvent feed would
be changed to a mixture of pure dimer in toluene (concentration to be determined). The
collected extract would then contain both dimer and trimer species, elucidating the co-solvent
effect. These results can then be used to estimate how much dimer is needed in the solvent
feed in order to extract a certain amount of trimer. Note that the quantitative calibration of
MALDI, currently being carried out by Kulkarni and Thies [7], is a key aspect of this quantification
work. These results would help us gain valuable knowledge concerning the co-solvent effect
between the low and high mol wt species present in pitches. It would also improve our modeling
efforts towards multistage DGE, allowing us to create models that take into account such
effects.
Phase-equilibrium measurements
As shown in Figure 6.5, the DGE apparatus used throughout this dissertation for
fractionating pitches can be modified such that single-stage, phase-equilibrium data can be
obtained at near or supercritical conditions. Such a setup might be of interest in order to
generate data that will improve and/or validate our modeling work with the fractionation of M-
50 and other pitches as well. As discussed in more detail in Appendix F, the experimental setup
shown in Figure 6.5 has been tested once, and the obtained data was used to estimate the
number of stages in our DGE unit.
In addition to phase equilibrium measurements between the feed pitch and toluene (or
other solvents), binary and ternary mixtures could also be fed into the column under DGE
conditions. In this case, the extruder and the impingement mixers shown in Figure 6.5 are not
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necessary. A homogeneous mixture of the binaries monomer-toluene, dimer-toluene, or trimer-
toluene could be fed directly into the column. Ternary mixtures of monomer-dimer-toluene,
monomer-trimer-toluene, or dimer-trimer-toluene could also be tested. The distribution of
components between the two phases (i.e., the K-values), as quantified by MALDI, would then be
used to improve future simulations.
Figure 6.5 Phase-equilibrium measurements using the DGE apparatus in the continuous mode.
Application of the fractions from DGE
Based on the work presented in this dissertation, DGE can now be used produce
precursors of controlled molecular composition, such as dimer-rich, trimer-rich, dimer-trimer,
and dimer-tetramer pitches. Future applications of these fractions to produce advanced carbon
artifacts are highly recommended so that our DGE apparatus may be established as a unique
and effective separation technique. For instance, pitch-based carbon fibers have low coefficients
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of thermal expansion and thermal conductivities four times higher than pan-based carbon
fibers. For this reason, pitch-based carbon fibers are being actively investigated in thermal
management applications to fabricate metal-graphite composites. In this case, trimer-rich and
dimer-tetramer precursors may be advantageous because in these materials large PAHs are
present in high concentrations when compared to pitches that have not been processed (i.e., of
broad mol wt distribution).
On the other hand, dimer-rich pitches produced via DGE have been used so far only for
producing activated carbon fibers for adsorption applications [5]. Other potential applications
for this material should be investigated, considering that we can now produce high quantities of
96+ mol% dimer-rich pitches that are completely isotropic [5] and have acceptable softening
points (~ 216 °C) for converting into carbon fibers.
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Appendix A
Maintenance Schedule and Process Flow Diagrams
In this appendix a maintenance schedule is given as well as the process flow diagrams
(PFD) for the different experiments carried out with the DGE apparatus.
Maintenance schedule
Table A.1 summarizes the common maintenance tasks done to the two-column DGE
apparatus. Note that both regulating and metering valves are only replaced or repaired if
necessary, i.e., if they present poor performance during an experiment. Change of packing
depends on the operating conditions. If the column is operated as a stripper at conditions where
a heavy bottom product is obtained (trimer+), it is recommended to change the packing after 30
hrs. The temperature controllers used in both columns can be checked for accuracy using
Omega’s multifunction calibrator (Omega part no. CL123). If necessary, check the controller’s
manual for calibration procedure.
Table A.1 Maintenance schedule for the DGE apparatus.
Item Frequency What to do Comments
Regulating Valves - Change seat and/or valve body i.e., VD1 or VD2-BP
Metering Valves - Change stem and seat VD1- and VD2-TP-M
Column Packing 30-100 hrs Change packing Appendix C, section 3
Level Detectors 100 hrs Re-do electrical feedthrough Appendix C, section 4
Heat Exchanger 1 month Half-a-capful of algaecide reduce fouling
Temperature Controllers 3 months Omega’s CN1507TC Check accuracy
Pumps 1,2,3 3 months Check flow rate See Appendix E
Metering Pump 3 months Calibrate pump See Appendix E
Waste Jar (D1-TP-WJ) 3 months Change jar for a clean one -
Heat Exchanger 3 months Drain water, clean inside -
Heating Elements 6 months Check resistivity Verify power rating
Distillation Column 4 days Drain kettle See Appendix D
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Process flow diagrams
Figure A.1 shows an overview of the DGE apparatus. The acronyms used in Figures A.2
to A.10 are shown in Table A.2. Figure A.2 shows the PFD for one-column DGE, where the top
product can be diverted into a waste jar, sampling jar, or evaporator. Figure A.3 shows the PFD
for producing both dimer- (Chapter 4) and trimer-rich (Chapter 5) pitches. Figure A.4 shows the
PFD for producing dimer-rich (Chapter 5) pitches using the evaporator to concentrate the top
product from Col-1. Figure A.5 shows the cooling water flow diagram. Figure A.6 shows the
process control diagram using National Instrument’s virtual instrumentation. Figure A.7 shows
the temperature control diagram. Figure A.8 shows the top product collections setup. Figure A.9
shows the bottom product collection setup. Figure A.10 shows the evaporator setup. Figure
A.11 shows the “Main DGE Disconnect” that provides electrical power to the heating elements
of the two columns and the electrical enclosure that houses the circuit breakers for the lab
located in room 222. Lastly, note that the parts and details about the construction of the DGE
column can be found in elsewhere [1].
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Table A.2 Nomenclature used throughout all appendices.
Acronym Description
VD1 Col-1 Valve
VD2 Col-2 Valve
D1 Col-1
D2 Col-2
V1-8 Valves from solvent/N2 valve panel
BP Bottom Product
CTP Concentrated Top Product
E Evaporator
M Metering Valve
P Pressure Gauge
PF Pitch Feed
PH Pre-Heater
PT Pressure Transducer
R Rectifying
S Stripping
SF Solvent Feed
SJ Sampling Jar
SR2 Solvent Reservoir 2
TP Top Product
V Evaporator Vapor
VE Evaporator Valve
WJ Waste Jar
Pump 1 Waters 600 HPLC pump
Pump 2 Varian 2010 HPLC pump
Pump 3 M-Roy 16/160 mL/hr pump
Pump 4 Magnetic Drive (Little Giant Pump, # 2-MD)
Table A.3 Shapes used in the PFDs  (Figures A.2 to A.7).
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Figure A.8 Col-1 top product collection setup. The top product can be sent to either a waste jar
(D1-TP-WJ), a sampling jar (D1-TP-SJ), or the evaporator (located behind the water bath).
193
Figure A.9 Col-1 bottom product collection setup.
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Figure A.10 Evaporator setup. Once Col-1 has reached steady-state, top product flow is diverted
into the evaporator. The concentrated pitch is then sent to either a sampling jar (E-CTP-SJ) or
the pitch reservoir. Pump 3 is then used to pump the concentrated pitch solution into Col-2.
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Figure A.11 Main disconnect located nearby the lab entrance and circuit breakers to the
extruder and electrical outlets behind the DGE apparatus.
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Figure A.12 Tubular reactor used for thermal polymerization reactions consisting of a 5/8” o.d. x
0.495” i.d. SS tubing (Swagelok part no. SS-T10-S-065-20). Adaptors were custom made by the
Clemson’s machine shop. SS random packing (Cannon Instrument Corp., 0.16” propack
protruded metal packing) used to improve mixing.
Figure A.13 Experimental setup for producing pitches using the tubular reactor.
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Appendix B
LabVIEW Essentials
Process control of the DGE apparatus is performed by National Instruments (NI)
LabVIEW. A thorough review of the software and hardware used can be found in Wince’s
dissertation [2] and is a must for understanding the details of the setup. However, note that
Wince’s work was based on an older version of LabVIEW’s software (5.1), which had to be
upgraded to a slightly newer version (6i) that could run on a slightly faster computer (Pentium IV
instead of II). Therefore, only a brief description of the hardware, software, and how they
communicate is given here.
LabVIEW stands for “Laboratory Virtual Instrumentation Engineering Workbench”. It is a
platform used for data acquisition and instrument control. The graphical programming
language, known as “G language” (not the language my dog speaks), consists of an object-
oriented coding environment where hardware and software can easily be integrated. Hardware
configuration is done via National Instrument’s “Measurement and Automation Explorer”
(MAX). Through MAX built-in applications, data acquisition (DAQ) and signal output is achieved.
As shown in Figure A.6, the process control diagram consists of a PC connected to two
NI components, the nuDrive and the SCXI-1000. The nuDrive is the motion control unit used to
control the valves VD1-TP-M, VD1-BP, and VD2-TP-M. Each “Axis” has an “Encoder” and
“Motor” connection as shown in Figure 3.6 from Wince’s dissertation [2]. The “Encoder” serves
to read the position of the valve relative to a “Home” position (or zero position), while the
“Motor” sends the power required for the motion of the motor. The SCXI-1000 is a chassis with
four slots where different modules can be connected to it. In our case, slot 1 is fitted with a
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SCXI-1121 module of four input channels with amplification, excitation, and filters. Connected to
this module is the SCXI-1321 terminal block, where, as shown in Table B.1, the pressure
transducer, level detector, and extruder pressure alarm are connected to. Note that the current
wiring diagram for the level detector is shown in Figure B.1.
On slot 2, the SCXI-1160 module is a 16 channel relay connected to an SCXI-1324
terminal block. As shown in Figure 3.3 from Wince’s dissertation [2], these relays are used to
control the power output of 4 power outlets (1 to 4), each with 4 receptacles (A to D). As shown
in Table B.1, only 4 out of 16 of the available receptacles are configured at the moment, and the
only receptacle actually being used is “Outlet 2C”, used to power a heating tape that is wrapped
around VD1-PF-R. On slot 3, the SCXI-1000 is fitted with a SCXI-1102 module that can amplify
the signal from up to 32 thermocouples (T/C). This module is attached to a terminal block (SCXI-
1103) where the actual T/Cs are connected. As shown in Table B.1, 19 out of 32 T/C channels are
configured, while 9 of the configured channels are currently available for any required use.
Running LabVIEW programs
In this section, different LabVIEW programs used to run both Col-1 and Col-2 are
introduced.
1) Go to the “Control workstation” (see Figure B.2) and turn on the PC. Login is
“mcthies”, password is “SCF”.
2) On the desktop, click on the icon “LabVIEW 6i”, then “Open VI”. Then select “DGE
Control” library (located in the “VI Files” folder, on the desktop).
3) “DGE Control” is a file that contains all of LabVIEW’s programs that have been
created since 1996 and used since then to monitor/control temperatures, pressure,
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valves, etc. Shown in Figure B.3, are only the main programs created for Col-1 and
Col-2 . Table B.2 gives a brief description of the programs.
4) Select the desired program and click “OK”. To open another programs from the DGE
Control library, either repeat steps 1 to 3 or go to File/Open from the selected
LabVIEW program.
5) Turn on LabVIEW’s SCXI 1000 and NuDrive units located on the control workstation.
6) Press the run button to start the desired program.
7) The main programs used for controlling/monitoring the DGE apparatus are shown in
Figures B.4 to B.8.
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Table B.1 Configuration of the SCXI-1000 unit in NI’s MAX.
SCXI-1000 MAX Configuration
Terminal Channel
Slot Module Block Channel Name Description
1 1121 1321 0 Alarm Ch00 Extruder pressure alarm
1 1121 1321 1 PT Ch01 Col-1 pressure transducer (D1-PT)
1 1121 1321 2 LD Ch02 Col-1 level detector, see Figure B.8
1 1121 1321 3 PT Ch03 Col-2 pressure transducer (D2-PT)
2 1160 1324 4 Outlet 2A Power Outlet, Not Used
2 1160 1324 5 Outlet 2B Power Outlet, Not Used
2 1160 1324 6 Outlet 2C Power Outlet, Col-1 rectifying line, on VD1-PF-R
2 1160 1324 8 Outlet 3A Power Outlet, Not Used
3 1102 1303 0 K T/C Ch00 K-type T/C, Col-1 middle section, dual T/C
3 1102 1303 1 K T/C Ch01 K-type T/C, Col-1 bottom section, dual T/C
3 1102 1303 2 K T/C Ch02 K-type T/C, Col-1 micrometering valve (VD1-PF-M)
3 1102 1303 3 K T/C Ch03 K-type T/C, Col-1 solvent feed line
3 1102 1303 4 K T/C Ch04 K-type T/C, Col-1 stillpot, dual T/C
3 1102 1303 5 K T/C Ch05 K-type T/C, Col-1 bottom valve (VD1-BP)
3 1102 1303 6 K T/C Ch06 K-type T/C, Col-1 top section, dual T/C (Not Installed)
3 1102 1303 7 K T/C Ch07-Chasis K-type T/C, terminal block temperature
3 1102 1303 24 K T/C Ch24-Chasis K-type T/C, terminal block temperature
3 1102 1303 10 J T/C Ch10 J-type T/C, Not Installed
3 1102 1303 11 J T/C Ch11 J-type T/C, Evaporator
3 1102 1303 12 J T/C Ch12 J-type T/C, Not Installed
3 1102 1303 13 J T/C Ch13 J-type T/C, Not Installed
3 1102 1303 14 J T/C Ch14 J-type T/C, Not Installed
3 1102 1303 15 J T/C Ch15 J-type T/C, Not Installed
3 1102 1303 16 J T/C Ch16 J-type T/C, Col-1 rectifying line, on VD1-PF-R
3 1102 1303 17 J T/C Ch17 J-type T/C, Not Installed
3 1102 1303 18 J T/C Ch18 J-type T/C, Not Installed
3 1102 1303 19 J T/C Ch19 J-type T/C, Not Installed
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Figure B.1 Four level detector wirings used to measure the level of pitch under DGE conditions.
(a) AC capacitance bridge [3], (b) DC resistance [4] wired through NI’s hardware SCXI-1121 [2],
(c) DC resistance modified by Edwards [1], and (d) DC resistance modified by the author, which
incorporates Edwards’ design into NI’s hardware.
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Figure B.2 Control workstation used to control/monitor Col-1 and Col-2’s temperature, pressure,
and alarms. (1) PC used, (2) On/Off switches for LabVIEW SCXI-1000 unit and power outlets 1 to
4, (3) fuses for motors and outlets, (4) NuDrive unit, and (5) Log In sheet.
Figure B.3 DGE Control library and LabVIEW programs for Col-1 and Col-2. See Table B.2 for a
description of letters (a) to (h).
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Table B.2 Description of the LabVIEW programs for Col-1 and Col-2 shown in Figure B.1.
LabVIEW see
program Description Figure
(a) Pressure control of Col-1 when running two-columns DGE B.4 (a)
(b) Pressure control of Col-1 when running two-columns DGE B.4 (b)
(c) Col-1 alarms: level detector, extruder, and evaporator B.5
(d) Col-1 bottom valve control B.6
(e) Col-1 pressure control when running Col-1 only B.7
(f) Col-1 heating tape VD1-PF-R valve (see Appendix A.2) B.8
(g) Col-1 temperature profile when running two-columns DGE -
(h) Col-2 pressure control when running Col-2 in Semibatch mode -
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Figure B.4 Col-1 (a) and Col-2 (b) pressure control programs used when running two-column
DGE experiments.
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Figure B.5 Col-1 alarms program. (a) Extruder alarm’s  (a.1) On/Off button, (a.2) measured
voltage, (a.3) voltage setpoint, and (a.4) alarm for voltage setpoint.  (b) Level detector’s (b.1)
low voltage setpoint and On/Off button, and (b.2) maximum votlage setpoint and On/Off
button. (c) Evaporator (c.1) actual temperature, (c.2) maximum temperature alarm setpoint and
On/Off button, and (c.3) minimum temperature alarm setpoint and On/Off button.
Figure B.6 Col-1 bottom valve (VD1-BP) control program. (1) On/Off button, (2) maximum flip
amplitude setpoint, (3) flip amplitude setpoint, (4) time between flips, (5) flip button, (6) home
button used to align motor with valve close position, (7) voltage setpoint to trigger valve flip,
and (8) actual voltage of the system related to the level of pitch that accumulates in the bottom
of the column.
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Figure B.7 Col-1 pressure control. (1) Pressure display, history, and setpoint; (2) temperature
profile; (3) Control parameters for top valve (VD1-TP-M).
Figure B.8 Col-1 heating tape for rectifying pitch feed valve (VD1-PF-R). (1) On/Off button, (2)
temeperature setpoint, (3) actual temperature of valve.
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Appendix C
DGE Procedures
This appendix covers both the set up and operating procedures used for DGE
experiments. In sections 1 to 4, general tasks necessary for preparing the columns for an
experiment are covered. Sections 5 and 6 are operating procedures for running both one- and
two-column DGE experiments.
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1. Pressure testing the columns
Generally, the columns are pressure tested at room temperature with toluene as the
solvent. The pressure rating of each column is estimated to approximately 3000 psig, limited by
the reflux finger assembly. The rupture disks used in both columns are rated to 3070 psig. The
target pressure for testing is 2500 psig.
1) Turn on the PC and open LabVIEW (see Appendix B).Select the appropriate program
used for viewing and controlling the pressure of the desired column.
2) Checks that the pitch feed valves are closed: VD1-PF-R and S if testing Col-1, or VD2-PF-R
and S if using Col-2 (see Figure A.4).
3) Open the valves required for delivering the solvent to the desired column. For instance,
if testing Col-1 using Pump 1, open valves V2-SF, V-5, and VD1-SF. Make sure valves V1-
N2, V-6, and V-7 are closed.
4) Open the overhead valves VD1-TP-M and VD1-TP-WJ in Col-1, or VD2-TP-M and VD2-TP
in Col-2. The overhead valves are initially left open so that the column is filled entirely
with solvent.
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5) Remove the aluminum nipple from the bottom valve (VD1-BP or VD2-BP for Col-1 or
Col-2, respectively) and replace it with a plug. The bottom valves are plugged in order to
avoid premature failure of the valve’s seat/stem seal due to over tightening.
6) Turn on Pump 1 (or Pump 2), check that the right combination of valves are open/closed
in order to have the solvent reach the column to be tested. Set the flowrate to 19
mL/min.
7) Wait for solvent to start coming out the overhead valve, it will take approximately 25
min since the column’s internal volume is close to 380 mL.
8) Reduce the solvent flowrate to 10 mL/min and close the overhead valve: VD1-TP-WJ for
Col-1 or VD2-TP for Col-2.
9) Once the pressure reaches 1000 psig, reduce the flowrate to 5 mL/min.
10) Stop the flowrate of solvent once the pressure reaches 2500 psig.
11) Wait for the system pressure to stabilize. If no significant leaks exist, the pressure will
plateau after 1 minute. After that, for a satisfactory pressure test, the system pressure
should not drop by more than 10 psig/min as shown in Figure C.1. Note that 10 psig per
minute of pressure loss is equivalent to approximately 0.1 mL/min.
12) If pressure testing is satisfactory, open the overhead valve (VD1-TP-WJ for Col-1 or VD2-
TP for Col-2) to release the pressure.
13) If pressure testing fails, inspect the column for any visible leaks. Start by closing valves
VD1-SF or VD2-SF to isolate the column from the pump. If pressure continues to
decrease, inspect the column’s valves and fittings; otherwise, the leak is somewhere
downstream from the solvent feed valves.
14) Lastly, close the valve VD1-SF, turn off Pump 1 and the Control workstation.
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Figure C.1 Typical pressure profile from pressure testing Col-1 at room temperature with
toluene. Acceptable pressure drop of ~ 10 psig/min during the last 2.5 minutes.
2. Cleaning the Columns
Generally, the columns are not cleaned between experiments. The shutdown procedure
after an experiment should leave the column with little pitch left inside and filled with toluene
to dissolve whatever soluble material is still left. In the past, Edwards [1] has used 1,2,4-
trichlorobenzene (TCB) to clean a column after an experiment. Although TCB is a much better
solvent to dissolve pitch, it is quite expensive ($100/L) and toxic. Also, because TCB is
conductive, it has been observed to affect the performance of the level detector. Cleaning of a
column is normally done prior to changing its packing (see section 3). This is done in order to
remove as much pitch as possible from the column’s packing, so that it will not stick together.
The solvent used for cleaning is toluene.
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1) Check that the pitch feed valves are closed: VD1-PF-R and S if testing column 1, or VD2-
PF-R and S if using column 2 (see Figure A.4). Also, check that the bottom valve is closed:
VD1- or VD2-BP for column 1 or 2, respectively.
2) Open the valves required for delivering the solvent to the desired column: VD1-SF
and/or VD2-SF.
3) Open the overhead valve: VD1-TP-WJ for Col-1, and VD2-TP-S for Col-2.
4) Turn on Pump 1. Set the flowrate to 20 mL/min.
5) Once solvent is observed to exit the overhead valve, turn off the pump and close the
solvent delivery valve: VD1- or VD2-SF for Col-1 or -2, respectively.
6) Set the column temperature to 90 °C. Do not heat the column’s solvent line or reflux
finger, just the column itself.
7) Wait 30 min for the column to reach the set temperature and the solvent to dissolve
some of the pitch inside.
8) Open the bottom valve VD1-BP or VD2-BP and collect all the hot liquid. Approximately
400 mL should come out.
9) Close the bottom valve and open the solvent delivery valve.
10) Start the solvent flow at 20 mL/min.
11) Wait approximately 20 min until the column is filled and the solvent comes out the
overhead valve.
12) Repeat steps 7 to 11 two more times.
13) By the third wash, as shown in Figure C.2, the solvent should look relatively clean, with a
yellowish color.
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14) If changing the column’s packing, heat the column to 140 °C. Open the nitrogen delivery
valve (valveV1-N2or V3-N2) and wait approximately 30 min for all the solvent to be
evaporate.
Figure C.2 Three washes of Col-1 with toluene at 90 °C, 1 atm, for 10 min.
3. Changing the column’s packing
Depending on the experiments carried out, the column’s SS packing may be changed
every 30 hours or up to 100 hrs. Operating the column under stripping mode at conditions
where the bottom product is heavy (trimer+) will cause more insoluble material to accumulate
in the packing, thus reducing its lifetime. On the other hand, running under rectifying mode at
conditions where all monomer and some dimer are extracted and the bottom product is not as
heavy (dimer+) will extent the column’s packing lifetime. Also, note that the procedure below is
for Col-1, but should also serve for changing the packing of Col-2.
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1) Prior to disassembling the column, follow the procedure for cleaning the column (see
section 2).
2) After evaporating all the solvent from the column at 140 °C, turn off the column’s
heaters and allow some nitrogen to flow through the column to remove any leftover
solvent.
3) Meanwhile, remove the insulation cover from the stillpot.
4) Remove the two heating bands from the aluminum cladding.
5) Disconnect the two heating cartridges and the bottom valve’s heating tape from the
power plug. Also disconnect the level detector wires and the thermocouples connected
to the sillpot.
6) Be careful with the aluminum claddings since they are hot and can cause severe burns
(myself has a collection of them). Note that it is easier to remove the aluminum
claddings while they are hot because their coefficient of thermal expansion is greater
than for stainless-steel (SS), so it is easier to detach them from the SS column while hot.
7) Wearing heat proof gloves, use two screwdrivers placed between the aluminum
cladding to gently force them outward until they become loose. Place each cladding
over a surface that can withstand their heat.
8) Disconnect the pressure gauge and the solvent feed line from the stillpot.
9) Loosen the 1-3/8 nut that connects the stillpot to the bottom section of Col-1 by using
the 2” and 1-3/8” wrenches. If nut does not come loose, use the trick shown in Figures
C.3 and C.4.
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Figure C.3 Eduardo’s muscle-wrench trick®: used for untightening the most stubborn nuts. In
this case the 1-3/8” wrench goes on top of the 2” wrench. The UniStrut parts are secured to the
wrenches by a 3/4 bolt and provide a flat surface for the C-clamp. As the C-clamp is tightened,
the wrenches are displaced against each other.
Figure C.4 Eduardo’s muscle-wrench trick® being used to loosen up a 1-3/8” nut from the reflux
finger assembly located at the top manifold from Col-1. Tools are hang from the hood by metal
wires. The C-clamp is tightened until the 1-3/8” nut becomes loose.
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10) Once the stillpot is loose, hold it with heat proof gloves, and use the 1-3/8 in wrench to
detach the stillpot from the column. Keep in mind that the stillpot is quite heavy, so
hold it tight.  Set the stillpot aside.
11) It is also recommended to use a “penetrating lubricant”, such as “PB penetrating
catalyst”, to break loose the surface tension of frozen nuts attached to a manifold.
12) Next, remove the insulation cover from the top section of the column, where the reflux
finger is located.
13) Remove the uppermost heating band. Note that the aluminum cladding for the top
section of the column is cut into two parts.
14) Remove only the top claddings (smaller ones) using two flat screw drivers to push them
apart. Wear heat proof gloves to handle the hot claddings.
15) Use the 2” (for Col-1, Col-2 use 1-3/4”) and 1-3/8” wrenches to remove the reflux finger
from the column.
16) Next, remove the SS retaining ring (using an appropriate plier) and mesh from the
bottom of the column.
17) Place a large plastic tray under the column.
18) Remove the old packing from the column by poking it with a brass rod and collect it with
the tray.
19) Once all packing has been removed, look for the SS mesh that goes on top of the
packing (it will come out with the packing and should be in the tray).
20) Finally, remove the retaining ring that is located on the top section of the column.
21) Brush the inside of the column using the brass shotgun brushes and spray it with
compressed air.
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22) Insert the bottom retaining ring and mesh into the bottom section of the column.
23) Measure approximately 160 g of clean SS packing in a glass jar and slowly pour it into
the column from the top.
24) When approximately 140 g has been poured in, use a brass rod to check the level of
packing inside the column. The proper height of packing is approximately 1” below the
pitch feed port (under stripping mode).
25) Place the SS mesh and push in the retaining ring over the packing.
26) Attached the reflux finger and stillpot back onto the column.
27) Attach the pressure gauge and solvent line to the stillpot.
28) Pressure test the column following the procedure described in section 1.
29) Place back the aluminum claddings, heating bands, and insulation cover from the
column. Note that it is best to heat up the aluminum claddings with a heat gun so that
they will expand and become easier to fit around the SS column.
4. Removing and installing the level detector
The level detector, located in the stillpot of both column 1 and 2, has been slightly
modified from Edwards [1] design. Previously, as shown in Figure 6.1, a considerable space
between the bottom valve and the level detector existed. This dead volume would cause the
bottom product to be detected up to 30 minutes later after first reaching the bottom valve.
Also, a dead volume increases the residence time of the bottom product at temperatures as
high as 380 °C, which in turn causes the pitch to polymerize.
1) Follow the procedure for cleaning the column (see section 2).
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2) After evaporating all the solvent from the column at 140 °C, turn off the column’s
heaters and allow some nitrogen to flow through the column to remove any leftover
solvent.
3) Meanwhile, remove the insulation cover from the stillpot.
4) Remove the two heating bands from the aluminum cladding.
5) Disconnect the two heating cartridges and the bottom valve’s heating tape from the
power plug. Also disconnect the level detector wires and the thermocouples connected
to the sillpot.
6) Be careful with the aluminum claddings since they are hot and can cause severe burns.
Note that it is easier to remove the aluminum claddings while they are hot because their
coefficient of thermal expansion is greater than for stainless-steel, so it is easier to take
them out while hot.
7) Wearing heat proof glove, use two screwdrivers placed between the aluminum cladding
to gently force them outward until they become loose. Place each cladding over a
surface that can withstand their heat.
8) Disconnect the pressure gauge and the solvent feed line from the stillpot.
9) Loosen the stillpot from the column by using the 2” and 1 3/8” wrenches.
10) While holding the stillpot with heat proof gloves, use the 1 3/8” wrench to detach the
stillpot from the column. Keep in mind that the stillpot is quite heavy, so hold it tight.
11) Place the stillpot on the vise horizontally.
12) Take out the fiberglass insulation and the heating tape from the bottom valve.
13) Disconnect the bottom valve from the column.
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14) Move the stillpot to a vertical position so that the level detector can be reached as
shown in Figure C.5.
15) Remove the middle 1/2 in plug from the stillpot. Secure the level detector with a
screwdriver.
16) Unscrew the level detector’s extension rod.
17) Disconnect the level detector electrical feedthrough.
18) The level detector in now held only by the screwdriver inserted in the 1/2 in port. Use a
plier to hold the level detector and remove the screwdriver. Pull the level detector out.
Figure C.5 Assembling/disassembling the level detector from the stillpot.
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19) A schematic of the electrical feedthrough is shown in Figure A.10 from Edwards [1].
20) When re-assembling the level detector, ensure that the extension rod is well centered
with respect to the stillpot’s hexagonal shape, as shown in Figure C.6.
Figure C.6 Downside view of the center conductor and extension.
5. One-column continuous DGE
The procedure described here is intended for operating Col-1 as shown in Figure A.2.
Note that the procedure is divided into three parts: day-1, day-2, and day-3. The apparatus
should be inspected before and after an experiment to prevent failures during an experiment.
Any issues during an experiment (day-2) should be recorded under “comments” on the log sheet
to be addressed on day-3.
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5.1 Day-1: before an experiment
Note that after an experiment, Col-1 is left completely filled with solvent with the overhead
valves VD1-TP-M and -W being the only valves left open to atmospheric pressure.
1) Open the solvent delivery valves: V2-SF, V-5 and VD1-SF. Keep V-6 and V-7 closed.
2) Change the pressure limit of Pump 1 (Waters 600) to 2800 psig.
3) Set Pump 1 to deliver 20 mL/min of solvent.
4) Solvent should be seen to come out from the column into the waste jar (D1-TP-WJ) almost
imediatelly (see Figure A.2).
5) Stop the flow rate of solvent.
6) Pressure test Col-1 following the procedure described in section 1.
7) After a successful pressure test, inspect:
a. Solvent level on solvent reservoir.
b. Feed Pitch on extruder’s hopper.
c. Temperature indicators/control and thermocouples are working.
d. Column heaters are working.
e. Enough sample jars are available for experiment.
f. Empty waste jar with stopper is in place below VD1-BP.
g. Empty “Waste bottle” from where siphoned waste comes from D1-TP-WJ.
h. Motors that control valves VD1-BP and VD1-TP-M are working.
i. Area around experiment is organized and fairly clean.
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5.2 Day-2: DGE experiment
5.2.1 Startup of Col-1:
1) Sign the DGE LOG sheet located near the Control workstation. Include name, date,
column used, and experiment conditions. Also, record any issues with the instrument
throughout the run so that these problems can be addressed on “day-3”. Common
problems include: shorted level detector, defective valve, broken T/C, and defective
heaters.
2) Turn on both “Main Power Disconnect” and “DGE 1 Disconnect” (see Figure A.1 and
A.11)
3) If not already on, turn on the power for the DGE outlets (number 6 on the main panel
located by the entrance door) and the Extruder (number 15 on main panel).
4) Turn on computer from the Control workstation and LabVIEW’s SCXI unit (needs to
warm up before starting experiment so that cold junction of thermocouples equilibrates
to ~31 °C). It is advisable to turn on the computer first, login (username: mct, password:
SCF), open LabVIEW, and then turn on LabVIEW’s SCXI unit; this way communication
between the computer and SCXI is most likely to work properly.
5) Open the solvent valve VD1-SF, set the flow rate to 1 mL/min.
6) As shown in Figure A.7, set the temperature for zones 2 to 6 (do not set temperature for
zone 2 unless solvent is flowing). Since the solvent flowrate is quite low at this point, set
zone 2 to 100 °C only. Set zones 3 to 6 to the desired temperature; for instance, 330-
330-350-380 °C, respectively.
7) Set the minitrol pulsed heater for the overhead valve to 40% and for the bottom valve
to 80% (you may need to adjust this one so that temperature of the valve, shown in
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LabVIEW, reads approximately 320-330 ˚C). Set the pulsed heater for the solvent
preheater to “LO”.
8) Turn on the recirculating bath shown in Figure A.5 (set temperature should be ~ -7C).
Check fluid level, complete with 50:50 mixture of water-antifreeze (propylene glycol).
9) Fill up the water reservoir (“Heat Exchanger” from Figure A.5) and add some ice into it
to cool it down faster.
10) Open VD1-CW and close VD2-CW so that cold water from the reservoir can be delivered
to the “Water Bath”.
11) Turn on Pump 4 and watch the liquid level in the “Water Bath” reach its proper level.
12) Turn on the extruder heaters: zone 1, 2, 3, pump, and tube. Zone 1 does not have heat
bands on it, just a cooling coil and a fan. Zone 2 is set to 160 ˚C, Zone 3 to 160 ˚C, Pump
to 160 ˚C, and Tube to 50 ˚C (a few minutes before starting the extruder this
temperature will be changed to 150 when operating in rectifying mode and 300 ˚C when
operating in stripping mode). Turn on the cooling water supply for the extruder and the
fan. For the extruder to operate properly, the temperature of Zone 1 should remain
below ~70 °C, otherwise pitch will become sticky and will not go through the extruder’s
pumping zone (Zone 1) properly. An indication that this is happening is a loud squeaky
noise when the screw is turned on.
13) On the control workstation, open LabVIEW’s program “Col-1 Pressure Control” and
press the run button. If an error message is given related to Axis, press ok and press the
run button again. The column pressure and temperatures will be displayed.
14) Also, open and start both programs “Col-1 Bottom Valve Control” and “Col-1 Alarms”.
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15) If operating in rectifying mode, open and start the program “Col-1 Rect Feed HT”
(controls the temperature of VD1-PF-R via a heating tape wrapped around it). Also,
switch on “Outlet 1” from the control workstation’s front panel (see Figure B.2). On
“Col-1 Rect Feed HT”, set the temperature initially to 50 °C and increase it to 150 °C by
increments of 25 °C (see Figure B.8).
16) Once the temperature of the column has surpassed 140 °C all and all toluene initially
present in the column has evaporated, close VD1-TP-WJ. The pressure of the column
will slowly increase since toluene is being feed at 1 mL/min and should be close to 500
psig by the time the set temperature is reached.
17) While column is heating (~ 1hr 30 min):
a. Test the overhead and bottom valve controllers: turn on National Instruments
NuDrive, both power and enable switches. On the computer screen, at this
point the overhead controller is set to manual, slide its controller bar to the
right and watch the motor move. Leave the motor at the zero position
afterwards. Before testing the bottom valve controller, make sure the bottom
valve motor is disengaged from the valve. On the bottom valve controller
window, press the run button and set the limit to 0.0, watch the motor flip
every few seconds (as indicated in the “flip time” window). If the motors are not
operating, check their fuses in the front panel nearby the computer.
b. Check that the handle of both VD1-TP-M and VD1-BP are aligned with their
respective motors. The valves must be in the close position.  Adjust the motor’s
zero position (“Home”) on LabVIEW (negative values turn the motor
counterclockwise). Disengage both motors afterwards.
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c. Test the extruder alarm. This alarm is connected to the pressure developed
between the extruder and the metering pump. If below a given set point
(usually 200 psig), an alarm will go off in LabVIEW. To test it, press the “play”
button on the LabVIEW program called “Alarms DGE”. Switch on the Extruder
Alarm on the extruder panel. Switch on the “Extruder Alarm” on LabVIEW.
d. If operating in rectifying mode, 10 minutes before reaching the target
temperature for Col-1, increase the temperature of VD1-PF-R to 300 °C by
increments of 25 °C (see Figure B.8).
e. If operating in stripping mode, 10 minutes before reaching the target
temperature for Col-1, increase the “Tube temperature” from 150 to 300 °C.
f. Check that the water bath for the waste jar under VD1-BP is cooled down
properly. Add ice if necessary.
g. Add ice to the “Heat Exchanger”.
5.2.2. Once Col-1 has reached its set temperature:
1) On the control workstation, set the pressure to 500 psig and the Top Phase PI Controller
to “Automatic Control”. Enter the PI parameters (usually for pressures between 500 to
1000 psig, Kc = 1.5 and Ti = 0.5; for higher pressures, Kc = 2.5, Ti = 1).
2) If the pressure of the column is above 500 psig, slowly open VD1-TP-WJ until it is below
450 psig.
3) Close VD1-TP-M and slowly open VD1-TP-WJ. At this point the pressure of the column
should remain fairly constant.
4) Engage the motor to VD1-TP-M.
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5) Set Pump 1 to the desired flow rate by pressing “Direct” and entering the desired value
followed by “Enter”.
6) Watch the pressure of the system reach 500 psig. Check that the set pressure is
maintained properly by the Top Phase PI Controller. Once the pressure has reached its
set point, the “Motor Position” indicator will show values from 0 (closed) up to the
“Bleed Position” (normally 15). If the motor position is working between 0 to 10, it is
advisable to change the bleed position to 10. This way a safe limit on how much the
valve is allowed to open is set.
7) Turn on the “Pressure Alarm” and set it to 6 psig. Check that the speakers are on.
8) On the temperature controller, set zone 2 to the same temperature as zone 3, i.e., the
incoming solvent should be at the same temperature as the column’s stillpot, where the
solvent goes in.
9) Increase the solvent preheater temperature by setting its pulsed heater to 50%.
10) Open either VD1-PF-R or -S if operating under rectifying or stripping mode, respectively.
At this point, the “Pump Pressure” on the extruder should be equal to the column’s
pressure.
11) Set the Pump RPM to the desired value. For instance, for a S/P ratio of 12.1 the toluene
flow rate is set to 16 mL/min and the Pump RPM to 5.9, i.e., ~ 1.15 g/min (69 g/h) of
pitch is delivered to the column.
12) Start the pitch flow by turning on the “Extruder Pressure” and “Pump RPM”. Note that
the metering pump should be turned on as soon as the pressure on the “Extruder
Pressure” starts to increase. To start the “Extruder Pressure” control, press the
“Man/Auto” button once. The screw will start turning and the pressure on the “Extruder
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Pressure” display will start rising promptly. Once a pressure greater than 200 psig is
reached, turn on the “Pump RPM” controller by pressing “Set” followed by “Run”. The
metering pump will start pumping pitch towards the column and the pressure on the
“Extruder Pressure” display will drop momentarily. Finally, turn on the hopper by
switching to “Start” and setting the potentiometer to ~20%. Note that the value set on
the potentiometer may vary throughout the run, inspect the feed throat regularly in
order to maintain the level of pitch just above the screw (ideally 1-3 inches from it).
Also, note that a “squeaky noise” coming from the extruder may indicate that the screw
is running low on pitch.
13) Set the power supply for the level detector to zero and then turn it on. Check that
“Manual” is selected in the level’s microamp (μA) meter. Slowly increase the voltage of
the power supply to 30 V. If the μA meter indicates a current greater than 25 μA, open
VD1-BP to drain some pitch from the stillpot. If no pitch is in contact with the level
detector, the μA indicator should be between 5-10 μA at 30 V. Also, note that the μA
meter will remain static when the pitch level inside the column has surpassed the level
detector range.
14) Wait for a bottom product, i.e., an increase in current measured by the μA meter. At
500 psig and using toluene as the extraction solvent, this will occur approximately 10
minutes (Stripping) to 5 minutes (Rectifying) after starting the pitch flow. As soon as
pitch touches the level detector, the current in the μA meter will be seen to quickly
increase beyond the indicator’s range. Record the time when bottom product was first
obtained. Adjust the voltage on the power supply so that the current on the μA meter
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changes at a rate of approximately 1 μA/s. Keep the meter working between 10 to 45 μA
by manually opening VD1-BP.
15) At this point we have confirmed that (1) the Top Phase PI Controller is working properly,
(2) that pitch is able to flow down the column, and (3) that the level of pitch inside the
stillpot can be controlled. Now the pressure can be changed to any other desired value.
5.2.3. Changing the extraction pressure:
1) On LabVIEW, change the pressure set point to the desired value. Note that if the desired
pressure is below 500 psig, the pressure should be reduced in a stepwise manner, i.e., -
25 psig at a time. If the set pressure is above 500 psig, the “Motor Position” that
controls VD1-TP-M will read “0”.
2) Close VD1-TP-WJ.
3) Increase the solvent flow rate to 20 mL/min and wait for the pressure to reach its new
set point.
4) Approximately 50 psig below the set pressure, reduce the solvent flow rate to its
desired value.
5) Slowly open VD1-TP-WJ. If the pressure of the system at this point is greater than the
set pressure, a sharp drop in pressure will occur since VD1-TP-M is at its set “Bleed
Position”. If, on the other hand, the pressure is observed to slowly drop without ever
reaching the set pressure, close VD1-TP-WJ and adjust the zero position (“Home”) of
VD1-TP-M. Open VD1-TP-WJ and watch the system pressure. Re-adjust once again the
zero position of VD1-TP-M if necessary.
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6) Drain the pitch that has accumulated in the stillpot until the μA meter is below 10 μA at
30 V. If the stillpot becomes completely empty, a hissing sound will be heard from the
gas phase exiting though VD1-BP.
7) Leave the level detector’s power supply at 30 V and wait for a new bottom product to
accumulate. Depending on the extraction conditions, it may take anywhere from 15min
to little more than 1hr to obtain a bottom product.
8) Once a bottom product is obtained, adjust the power supply’s voltage so that the
current on the μA meter increases at approximately 1 μA/s.
9) Set the “Voltage Limit” on LabVIEW’s “Col-1 Bottom Valve Control” to 0.2 V.
10) Engage the motor to VD1-BP and secure it with the safety pin.
11) Switch the control from “Manual” to “LabVIEW”.
12) Wait until the “Voltage” on LabVIEW’s “Col-1 Bottom Valve Control” reaches the
“Voltage Limit” and VD1-BP to open automatically. If the “Voltage” does not decrease,
increase the “Flip Amplitude” by 1 unit. Wait again for VD1-BP to open and increase the
“Flip Amplitude” once again if necessary.
13) On LabVIEW’s “Col-1 Alarms”, switch on the level detector’s low and max. voltage
alarms and set them to -0.1 and +0.1 from the set “Voltage Limit”, respectively.
14) Wait for the process to reach steady-state. At supercritical conditions, this usually
occurs at 1h 30 min (see Chapter 4).
5.2.4. Sample collection from Col-1 top and bottom products:
1) Record the weight of an empty clean jar without its lid for each sample to be collected.
Generally, a 1000 mL jar is used for the top product samples while a 500 mL is used for
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bottom samples where the bottom pitch yield is lower than 30 wt % (otherwise, use the
1000 mL jar).
2) Fit the appropriate stopper to the jar. Note that for the top product the stopper is fitted
with a stainless-steel tube that connects directly to VD1-TP-S outlet.
3) For the top product sample, attach the stainless-steel tubing to VD1-TP-S outlet. Attach
the vent line to the stopper’s check valve.
4) Close VD1-TP-WJ and immediately open VD1-TP-S. At the same time, start a timer for
the top product.
5) For the bottom product sample, first change VD1-BP to “Manual” control and disengage
the motor from it. Drain the pitch from the stillpot until it the current on the μA meter
reads below 25 μA.
6) Fit the bottom sample jar’s stopper to the outlet of VD1-BP. Connect the vent line
directly to the stopper. Raise the water bath to an appropriate level and add ice to it if
necessary.
7) Start a timer for the bottom product once the current on the μA meter reads 25 μA.
8) Engage the motor to VD1-BP and secure it with the safety pin. Switch VD1-BP to
“LabVIEW Control”.
9) Once the top jar becomes 2/3 full (20 -40 minutes, depending on the solvent flow rate
used), close VD1-TP-S and stop the timer used for this product.
10) Repeat steps 1 to 4 in order to collect more samples of the top product.
11) The bottom product samples are generally collected at the same time intervals as the
top product samples. This way, “cut x” from top and bottom samples are obtained
during the same time interval.
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12) To collect the bottom product sample, first change VD1-BP to “Manual” control and
disengage the motor from it. Drain the pitch from the stillpot until it the current on the
μA meter reads below 25 μA.
13) Stop the timer used for the bottom product once the current on the μA meter reads 25
μA.
14) Repeat steps 5 to 7 and 11 to 13 to collect other samples of the bottom product.
15) Also, note that the level of waste in the “Waste Bottle” that collects the material
siphoned from the “Waste Jar” needs to be checked every 2 to 4 hours (depending on
how often it is being used and the flow rate of solvent).
5.2.5. Shutdown of Col-1:
The procedure descried here should be applied for shutting down Col-1 if operating at
pressures greater than 500 psig. If operating at lower pressures, start from step 7. The idea
behind this procedure is to prevent accumulation of insoluble pitch in the SS packing and level
detector. To do this, the system’s pressure is slowly decreased, thus causing precipitation of
pitch from the solvent-rich phase, which in turn carries the insoluble material to the bottom of
the column.
1) Ensure that both valves VD1-TP-E and VD1-TP- are closed and that VD1-TP-WJ is open.
2) Disengage the motor from the bottom product valve (VD1-BP). Change the level
detector from LabVIEW to Manual.
3) Slowly reduce the system pressure to 500 psig. In LabVIEW’s control panel (see Figure
C.7) for Col-1 top valve (VD1-TP-M), set Kc to 0 (1) so that the “Motor Position” reads
zero (2). Switch to “Manual Control” (3) and open the valve (4) slowly until the pressure
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starts to decrease. Set the valve’s position where the pressure decreases at
approximately 50-70 psi per minute.
4) Reduce the extruder pressure to 500 psig.
5) Decreasing the pressure causes all pitch dissolved in the solvent-rich phase to
precipitate from solution and quickly accumulate in the bottom of the column. Ensure
that this product is readily removed from the column by manually opening the bottom
valve until the level detector is below 10 microamps at 20 volts.
Figure C.7 Top-valve control panel in LabVIEW. Set (1) to 0, (2) should read 0, (3) change to
Manual Control, (4) increase to open the valve.
6) Once the pressure reaches 450-490 psig, set the pressure set point to 500 psig and
switch the control to “Automatic Control” (the “Motor Position” should read zero
before switching to automatic).
232
7) Wait for another 10 minutes at 500 psig until a steady flow of bottom product is
established once again. This is done so that the feed pitch, as it drips down the column,
drags with it any insoluble pitch that might accumulate in the column throughout time.
8) Reduce solvent flow to 1 mL/min.
9) In LabVIEW’s control panel for Col-1 top valve (VD1-TP-M), set Kc to 0 and disengage
the motor from the valve. Close VD1-TP-WJ first, then open VD1-TP-M.
10) Close VD1-PF-R and S and immediately turn-off the extruder’s metering pump, extruder
control, temperature controls, hopper speed, extruder alarm, nitrogen purge, cooling
water, and fan.
11) If running in rectifying mode, turn of the heating tape that controls the temperature of
the feed pitch, that is, the temperature of VD1-PF-R on LabVIEW’s “Col-1 Rect Feed
HT.vi”.
12) Turn off all the column heaters: 3 minitrol pulsed heaters and the column temperature
controller (zones 2 to 7).
13) Empty the stillpot. Watch until the level detector’s microamp indicator is close to 5
microamps or below and a hissing sound can be heard (gas phase).
14) Turn off recirculating bath and the cooling pump.
15) Turn off the two main power cutoff: “DGE 1 Disconnect” and “Main Power Disconnect”
16) Leave the solvent flowing at 1 mL/min. Make sure there is enough solvent in the
solvent reservoir and that the pump’s pressure limit is changed from 2800 psig to 1000
psig. This way the column will slowly become filled with toluene as it cools down.
17) Stop all of LabVIEW’s programs and close them. Turn off both NuDrive and SCXI-1000
units. Turn off the computer and speaker.
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18) Finally, turn off the level detector power supply. If there is still some pitch showing in
the microamp indicator, open the bottom valve until the bottom manifold is empty.
19) Note that the entire shutdown procedure should take approximately 20 minutes.
5.3 Day-3: after an experiment
1. On the next day, or ~12 hours from shutting down the apparatus, Pump 1 should have
stopped due to the overpressure alarm. Press “Clear” to remove this warning.
2. Check that the temperature throughout Col-1 is below the boiling point of the solvent
used.
3. Open VD1-TP-WJ.
4. Start the flow of solvent to Col-1 at 19 mL/min.
5. A few minutes later, if not immediately, solvent should be seen flowing into the Waste
Jar.
6. Stop the flow rate of solvent, turn off Pump 1.
7. Close VD2-SF, V-5 and VD1-SF. Leave VD1-TP-M and -W open.
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6. Two-column continuous DGE
In order to run both Col-1 and Col-2, we first start Col-1 following a slightly modified
version of the procedure described on section 5. Once Col-1 is up and running, Col-2 is started.
Note that the procedure for running both columns is also divided into three days: day-1, day-2,
and day-3.
6.1 Day-1: before an experiment
Note that both columns are left completely filled with solvent after an experiment and
valves VD1-TP-M, VD1-TP-WJ, VD2-TP-M, and VD2-TP-WJ are left open while all other valves are
closed. Also, note that two HPLC pumps are available for solvent delivery to Col-1 and Col-2:
Pump 1 (Waters 600) and Pump 2 (Varian 2010) with maximum capacities of 20 and 9.9 mL/min,
respectively. Each pump should be connected to a column (through valves VD2-SF and V4-S)
according to the desired flow rates.
1) Open the solvent delivery valves for Col-1: VD2-SF, V5 and VD1-SF.
2) Open the solvent delivery valves for Col-2: V4-S, V8 and VD2-SF.
3) Check that valves V6, V7, V1-N2 and V3-N2 are closed.
4) Set Pump 1 to 19 mL/min and Pump 2 to 9.9 mL/min.
5) Solvent should be seen to come out almost immediately from VD1-TP-WJ and VD2-TP-
WJ into the respective waste jars.
6) Stop the solvent flow rate.
7) Pressure test Col-1 and Col-2 following the procedure described on section 1.
8) After a successful pressure test, inspect:
a. Solvent level on solvent reservoirs of Pump 1 and Pump 2.
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b. Feed Pitch on extruder’s hopper.
c. Temperature indicators/control and thermocouples are working.
d. Columns heaters are working.
e. Enough sample jars are available for experiment.
f. Empty waste Jar with stopper is in place below VD1-BP and VD2-BP.
g. “Waste bottles” where siphoned waste from the “Waste Jars” are empty.
h. Motors that control valves VD1-BP, VD1-TP-M, and VD2-TP-M are working.
i. Area around experiment is organized and fairly clean.
6.2 Day-2: DGE experiment
Three different procedures for running Col-2 are given here: two where Col-1 is
connected directly to Col-2, as shown in Figure A.3, and another where an evaporator is used to
concentrate the top product from Col-1 and then pump it into Col-2 as shown in Figure A.4.
6.2.1. Startup of Col-1:
1) Follow the procedure in section 5.2.1. However, on LabVIEW, start the following
programs only: “2-Col DGE - Col-1 Pressure Cont.vi”, “2-Col DGE - Col-2 Pressure
Cont.vi”, “Col-1 Alarms.vi”, “Col-1 TC Display.vi”, “Col-1 Bottom Valve Control.vi, and
“Col-1 Rect Feed HT.vi” (if running Col-1 under rectifying mode).
2) Set Col-1 to the desired extraction pressure following the procedure in section 5.2.3.
3) At this point, Col-1 should be running without much assistance, i.e., the pressure control
is stable, the level of pitch in the stillpot is controlled automatically, alarms are on
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LabVIEW for the extruder, pressure setpoint, and level detector. Finally, set a timer for
the appropriate time to change the waste bottle.
4) Next, follow the procedure described below for operating Col-2 as (a) low pressure
stripper, (b) DGE with toluene, and (c) DGE with pentane.
6.2.1. (a) Col-2 as a low pressure stripper (see Figure A.3):
1) Turn on “DGE 2 Disconnect”.
2) Open the solvent delivery valve VD2-SF, set the solvent flow rate to 1 mL/min.
3) Set the temperature profile for Col-2. For instance, set zone 1 to 380 °C, zone 2 off
(initially), zones 3 to 6 to 380 °C, and zone 7 to 100 °C (initially).
4) Set the minitrol pulsed heater for the bottom valve to 60 % (~ 250-270 °C) and for the
solvent preheater to “LO”.
5) Open VD2-CW to deliver cold water to the “Water Bath” used to cool the top products
from Col-2.
6) While Col-2 is heating (~ 1hr 30 min):
a. Check the status of Col-1.
b. Open completely VD1-TP-M and VD1-TP-WJ.
7) Once Col-2 has reached the set temperature, set zone 2 to 380 °C.
8) Open valveVD2-PF-S or -R. Open VD1-TP-S and close VD1-TP-WJ. At this point the top
product from Col-1 is being sent to Col-2.
9) Start heating the top product being sent to Col-2 by setting zone 1 from “Col-1 Temp.
Controller” (see Figure A.7) to 100 °C. Slowly change this set point by 50 °C increments
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until the temperature reaches 380 °C (or the temperature of the section where pitch is
being feed into Col-2).
10) Turn on the level detector’s power supply for Col-2 and set it to 30 V. Wait for bottom
product to be detected (somewhere between 10 to 30 minutes).
11) Once a bottom product is obtained, adjust the power supply’s voltage so that the
current on the μA meter increases at approximately 1 μA/s.
12) Increase the solvent flow rate for Col-2 to the desired value.
13) Change the set point for zone 7 from “Col-2 Temp. Controller” (see Figure A.7) to 380 °C
(or the same temperature as the stillpot from Col-2).
14) Set the minitrol pulsed heater for Col-2 solvent preheater (D2-PH) to 50 %.
15) Collect samples of both top and bottom products.
6.2.1. (b) Col-2 under DGE conditions with toluene (see Figure A.3):
1) Turn on “DGE 2 Disconnect”.
2) Open the solvent delivery valve VD2-SF, set the solvent flow rate to 1 mL/min.
3) Set the temperatures profile for Col-2. For instance, if using toluene as the extraction
solvent in Col-2, set zone 1 to 380 °C, zone 2 off (initially), zones 3 to 380 °C, zones 4-6
to 350 °C, and zone 7 to 100 °C.
4) Set the minitrol pulsed heater for the bottom valve to 50 % (~ 200 °C) and for the
solvent preheater to “LO”.
5) Open VD2-CW to deliver cold water to the “Water Bath” used to cool the top products
from Col-2.
6) While Col-2 is heating (~ 1 hr 30 min):
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a. Check the status of Col-1.
b. Test the controller for VD2-TP-M while disengaged.
c. Check that the handle that connects VD2-TP-M is aligned with its respective
motor.
d. Once all the solvent has evaporated from Col-2, close VD2-TP-WJ so that the
pressure will slowly increase.
7) Once Col-2 has reached the set temperature, set zone 2 to 380 °C.
8) On the control workstation, set the pressure to 500 psig and the Top Phase PI Controller
to “Automatic Control”. Enter the PI parameters (usually for pressures between 500 to
1000 psig, Kc = 1.5 and Ti = 0.5; for higher pressures, Kc = 2.5, Ti = 1).
9) If the pressure of the column is above 500 psig, slowly open VD2-TP-WJ until it is below
450 psig.
10) Close VD2-TP-M and slowly open VD1-TP-WJ. At this point the pressure of the column
should remain fairly constant.
11) Engage the motor to VD2-TP-M.
12) Open valve VD2-PF-S or -R. Open VD1-TP-S and close VD1-TP-WJ. At this point the top
product from Col-1 is being sent to Col-2.
13) Start heating of the top product being sent to Col-2 by setting zone 1 from “Col-1 Temp.
Controller” (see Figure A.14) to 100 °C. Slowly change this set point by 50 °C increments
until the temperature reaches 380 °C (or the temperature of the section where pitch is
being feed into Col-2).
14) Turn on the level detector’s power supply for Col-2 and set it to 60 V. Wait for bottom
product to be detected (somewhere between 10 to 30 minutes).
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15) Once a bottom product is obtained, adjust the power supply’s voltage so that the
current on the μA  meter increases at approximately 1 μA/s.
16) Watch the pressure of the system reach 500 psig. Check that the set pressure is
maintained properly by the Top Phase PI Controller. Once the pressure has reached its
set point, the “Motor Position” indicator will show values from 0 (closed) up to the
“Bleed Position” (normally 15). If the motor position is working between 0 to 10, it is
advisable to change the bleed position to 10. This way a safe limit on how much the
valve is allowed to open is set.
17) Turn on the “Pressure Alarm” and set it to 6 psig.
18) Set Pump 2 to the desired flow rate.
19) Change the set point for zone 7 from “Col-2 Temp. Controller” (see Figure A.7) to 350 °C
(or the same temperature as the stillpot from Col-2).
20) Increase the solvent preheater temperature by setting its pulsed heater to 50%.
21) Set the minitrol pulsed heater for Col-2 solvent preheater (D2-PH) to 50 %.
16) At this point we have confirmed that (1) the Top Phase PI Controller is working properly,
(2) that pitch is able to flow down the column, and (3) that the level of pitch inside the
stillpot can be controlled. Now the pressure can be changed to any other desired value.
22) Collect samples of both top and bottom products.
6.2.1.(c) Col-2 under DGE conditions with pentane (see Figure A.4):
6.2.1.(c.1) Operating the evaporator
The evaporator, shown in Figures A.2 and A.4, is generally used for concentrating the top
product from Col-1 by evaporating the solvent in situ. Once Col-1 has reached steady-state
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conditions, the top product is diverted into the evaporator, where the solvent is partially
evaporated until the top product reaches the desired concentration in pitch. Extreme care must
be taken when operating the evaporator. As described in here, a pressure buildup inside the
evaporator will cause an increase in the boiling point (b.p.) of the liquid phase, which in turn will
become a superheated liquid upon sudden pressure release.
1) While startup of Col-1, set the evaporator pulsed heater to “LO”. This will cause the
evaporator to slowly heat up to 90 °C (see (c.1) in Figure B.5).
2) Once Col-1 has reached steady-state conditions, divert the top product to the
evaporator by closing both VD1-TP-WJ and -S valves and opening VD1-TP-E. For
instance, at +ΔT (400-380-350C), 1000 psig, S/P = 12.1, this occurs ~15 minutes after the
bottom product in Col-1 is first detected.
3) Start a chronometer once VD1-TP-E is open.
4) Turn on the cooling fan and direct it to the valves and fittings right above the
evaporator.
5) Increase the evaporator’s pulsed heater to 60% (see the safety remarks below).
6) After ~10-15 min, the liquid level in the evaporator should be right above the SS packing
(see Figure A.9) and the temperature of the liquid inside the evaporator (see (c.1) on
Figure B.3) should be close to the liquid phase initial boiling point of 110 to 111 °C (if
toluene is the solvent used).
7) In LabVIEW’s “Col-1 Alarms” window, turn on the alarm for “Max. Temp.” and set it to
115 °C (see (c.2) in Figure B.5).
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8) Ideally, the liquid inside the evaporator should be boiling by the time its level reaches
1/4 full mark. Evaporation should then proceed in a controlled manner, i.e., not too
quick nor too fast (see the safety remarks below).
9) Set a timer alarm to 15 minutes (recurrent). Inspect that the liquid inside the evaporator
is boiling and that its level is always below the 1/2 full mark.
10) As evaporation continues, the liquid phase inside the evaporator will become more
concentrated in pitch; thus, the boiling point of the solution will be seen to slowly
increase. For instance, a solution with ~ 6 wt% pitch will have a b.p. of ~111 °C, while a
66 wt% will have a b.p. of ~123 wt%. With that in mind, note that the alarm for “Max.
Temp.” will sound with time and should be adjusted by 2°C increments until the desired
b.p. has been reached.
11) Proceed with the evaporation until the liquid inside the evaporator is at the 1/3 full
mark and its b.p. is ~123 °C. It should take ~4 hours for this to occur when operating
with a solvent flow rate of 16 mL/min.
12) Once the right b.p. of concentrated liquid has been reached in the evaporator, prepare
for emptying the evaporator by either transferring the concentrated phase to the “Pitch
Reservoir” or to E-CTP-SJ, a sampling jar (see Figure A.2).
13) Turn off the alarm for “Max. Temp.” and transfer the concentrated phase by opening
VD1-CTP. Note that a slight pressure difference might be necessary to start siphoning of
the liquid; therefore, use a pipette bulb upstream from the evaporator to start the flow.
14) Close VD1-CTP and set the evaporator’s pulsed heater to “LO”.
15) In LabVIEW’s “Col-1 Alarms” window, turn on the alarm for “Min. Temp.” and set it to
110.5°C (see (c.3) in Figure B.5).
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16) Once the liquid inside the evaporator reaches 110.5 °C, the “Min. Temp.” alarm will
sound.
17) Turn off “Min. Temp.” alarm and repeat steps 5 to 16 in order to continue operating the
evaporator.
18) To shut down the evaporator:
a. Drain the liquid from the evaporator as described previously.
b. Open VD1-TP-WJ and close VD1-CTP and VD1-TP-E.
c. Turn off the evaporator’s pulsed heater.
Safety remarks on operating the evaporator
During startup of the evaporator, when the b.p. of the solution is close to the b.p. of
pure toluene (i.e., 111 °C), the liquid level inside the evaporator may surpass the 1/2 full mark
without reaching vigorous boiling. This will happen if the liquid that accumulates in the
evaporator is not heated fast enough. If this occurs, close valve VD1-TP-E and open VD1-TP-WJ.
Wait until the liquid inside the evaporator is vigorously boiling close to the 1/3 full mark prior
opening VD1-TP-E once again
Also, note that the heat to the evaporator is controlled by a pulsed heater; thus,
controlling the level of liquid inside the evaporator requires constant attention (and should be
checked every 15-20 min), i.e., if the liquid level is low, the setting on the pulsed heater should
be increase by + 10 or 20% (and vise versa).
Lastly, note if pressure builds up inside the evaporator, the b.p. of the liquid will
suddenly start to increase, the boiling will be significantly reduced, and the level of liquid will
increase. If at this point the pressure is suddenly reduced, the superheated liquid will literally
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jump out from the evaporator. For this reason, maintain the Max. Temp. alarm (see (c.2.) from
Figure B.5) at approximately 2 °C above the b.p. of the liquid inside the evaporator. If the alarm
for the Max. Temp. goes off and the symptoms above are detected, close valve VD1-TP-E and
open VD1-TP-WJ. Turn off the evaporator pulsed heater and remain 20-30 ft away from the
instrument. Wait until the temperature of the evaporator has gone down and open valve VE-E
(see Figure A.10). Check for the source of pressure build up.
6.2.1.(c.2) Fractionating the concentrated top product from Col-1 in Col-2:
Once the evaporator is up and running and the “Evaporator Reservoir” is ~ 2/3 full, Col-2
can be used to fractionate this concentrated material using pentane as the extraction solvent.
Note that for exploratory runs, where Col-2 requires much attention from the operator, it is not
recommended to run Col-1, evaporator, and Col-2 all at the same time. In this case, concentrate
enough material using Col-1 and the evaporator in one day, and fractionate it with Col-2 on a
following day. Also, when pumping pentane with either Pump 1 (Waters 600) or Pump 2 (Varian
2010), ensure that the solvent reservoir is slightly pressurized (2-5 psig) so that cavitation won’t
occur.
1) Turn on “DGE 2 Disconnect”.
2) Open the solvent delivery valve VD2-SF, set the solvent flow rate to 1 mL/min.
3) Set the temperatures profile for Col-2. For instance, if using pentane as the extraction
solvent in Col-2, set zone 1 to 270 °C, zone 2 off (initially), zones 3 to 270 °C, zones 4 to
260 °C, zones 5 and 6 to 240 °C, and zone 7 to 100 °C.
4) Set the minitrol pulsed heater for the bottom valve to 50 % (~ 200 °C) and the solvent
preheater to “LO”.
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5) Open VD2-CW to deliver cold water to the “Water Bath” used to cool the top products
from Col-2.
6) While Col-2 is heating (~ 1 hr 30 min):
e. Check the status of Col-1 and the evaporator.
f. Test the controller for VD2-TP-M while disengaged.
g. Check that the handle that connects VD2-TP-M is aligned with its respective
motor.
h. Once all the solvent has evaporated from Col-2, close VD2-TP-WJ so that the
pressure will slowly increase.
7) Once Col-2 has reached the set temperature, set zone 2 to 270 °C.
8) On the control workstation, set the pressure to 500 psig and the Top Phase PI Controller
to “Automatic Control”. Enter the PI parameters (usually for pressures between 500 to
1000 psig, Kc = 1.5 and Ti = 0.5; for higher pressures, Kc = 2.5, Ti = 1).
9) If the pressure of the column is above 500 psig, slowly open VD2-TP-WJ until it is below
450 psig.
10) Close VD2-TP-M and slowly open VD1-TP-WJ. At this point the pressure of the column
should remain fairly constant.
11) Engage the motor to VD2-TP-M.
12) Set Pump 2 to the desired flow rate.
13) Watch the pressure of the system reach 500 psig. Check that the set pressure is
maintained properly by the Top Phase PI Controller. Once the pressure has reached its
set point, the “Motor Position” indicator will show values from 0 (closed) up to the
“Bleed Position” (normally 15). If the motor position is working between 0 to 10, it is
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advisable to change the bleed position to 10. This way a safe limit on how much the
valve is allowed to open is set.
14) Turn on the “Pressure Alarm” and set it to 6 psig.
15) Change the set point for zone 7 from “Col-2 Temp. Controller” (see Figure A.14) to 240
°C (or the same temperature as the stillpot from Col-2).
16) Increase the solvent preheater temperature by setting its pulsed heater to 50%.
17) Set the minitrol pulsed heater for Col-2 solvent preheater (D2-PH) to 50 %.
18) Open valve VD2-PF-S or -R and check that the pressure gauge (PG1) reads 500 psig.
19) Slightly pressurize the “Evaporator Reservoir” to 2-5 psig. Note that this reservoir must
be depressurized when re-filling it.
20) Set Pump 3 (Milton Roy) to deliver the desired pitch flow rate to Col-2 (see calibration of
“Pump 3” under Appendix E).
21) To verify that pitch is in fact being pump to Col-2, close VD2-PF-S or -R (depending on
what is being used) and watch PG1 increase. Open VD2-PF-S or -R immediately after the
pressure is seen to increase.
22) Turn on the level detector’s power supply for Col-2 and set it to 60 V. Wait for bottom
product to be detected (somewhere between 10 to 30 minutes).
23) Once a bottom product is obtained, adjust the power supply’s voltage so that the
current on the μA  meter increases at approximately 1 μA/s.
24) At this point we have confirmed that (1) the Top Phase PI Controller is working properly,
(2) that pitch is able to flow down the column, and (3) that the level of pitch inside the
stillpot can be controlled. Now the pressure can be changed to any other desired value.
25) Collect samples of both top and bottom products.
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6.2.2. Shutdown of Col-1 and Col-2:
The procedure descried here should be applied for shutting down both Col-1 and Col-2. Start
from step 1 when operating Col-2 as a low pressure stripper. Start from step 2 when operating
Col-2 under DGE conditions.
1) If operating Col-2 as a low pressure stripper, close valve VD1-TP-S and open VD1-TP-WJ.
2) If operating Col-2 under DGE conditions, close valves VD1-TP-Evap, VD1-TP-S and open
VD1-TP-WJ (do not open this valve prior to closing VD1-TP-S, otherwise, the pressurized
content of Col-2 is directly sent to the waste jar causing it to break violently).
3) Close VD2-TP-WJ and -S.
4) Disengage the motor from VD2-TP-M.
5) Turn off all the heaters from Col-2, including the pulsed minitrol heaters. Turn off the
two main power cutoff: “DGE 2 Disconnect”.
6) Set the solvent (toluene) flow rate to Col-2 to 1 mL/min and change the pump’s
pressure limit to 1000 psig.
7) Drain the bottom product from Col-2 until the level detector is static. Turn off the
power supply for the level detector.
8) For Col-1, follow the procedure from section 5.2.5.
6.3 Day-3: after an experiment
1) On the next day, or ~12 hours from shutting down the apparatus, Pump 1 and Pump 2
should have stopped due to the overpressure alarm. Press “Clear” to remove this
warning.
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2) Check that the temperature throughout Col-1 is below the boiling point of the solvent
used.
3) Open VD1-TP-WJ and VD2-TP-WJ .
4) Start the flow of solvent to Col-1.
5) A few minutes later, solvent should be seen flowing into the Waste Jar.
6) Stop the flow rate of solvent, turn off Pump 1.
7) Start the flow of solvent to Col-2.
8) A few minutes later, solvent should be seen flowing into the Waste Jar.
9) Stop the flow rate of solvent, turn off Pump 2.
10) Close VD2-SF, V-5 and VD1-SF. Leave VD1-TP-M and -W open.
11) Close V4-S, V-8 and VD2-SF. Leave VD2-TP-M and -W open.
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Appendix D
Solvent Recovery
Approximately 90 wt% of the toluene used in DGE experiments can easily be recovered
using a distillation column. Even though toluene is a relatively cheap solvent, averaging $6/L
(Fisher Scientific, 2009), recovery of spent toluene becomes more significant when looking at
the consumption of this solvent per month. For instance, for a typical two-column DGE, 8 to 12 L
of toluene can be used in a 12 h experiment, and 2-3 L used later to clean the columns if
necessary. Therefore, in a single experiment, up to 15 L of toluene may be used. Considering
that at least two experiments are carried out per week, up to 120 L of toluene can be used,
which adds up to $720/month. In addition, recovery of the solvent used not only minimizes
waste generation and the costs related to its proper disposal, but also increases the autonomy
of the process, allowing the operator to perform longer runs more frequently without being
concerned of running out of solvent or being over the budget. Finally, solvent recovery is
relatively inexpensive, estimated to cost $0.08/L (840 Watts, 8 hrs total operation, $0.01/KWh,
1.4 L/h of distillate for 6 hrs).
Distillation setup
The distillation column used for recovery of the spent solvent consists of a glass column
with vacuum jacket thermal insulation. The waste solvent is placed inside a 22 L kettle which is
heated by two heating mantles. Above the kettle, five sieve trays contact the ascending vapor
with the descending liquid. The vapor is then redirected to a total condenser. The condensate
flows downward towards the reflux divider, which uses an electro-magnet to control the
249
direction of a swinging funnel mechanism. When the magnet is on, the distillate is redirected to
a 20 L collection pail, when off, the liquid flows towards the trays.
A minitrol (a.k.a. pulsed heater) is used as the timer to control the action of the electro-
magnet. For instance, by setting the timer to 50%, the electro-magnet will be on 50% of the
time, thus a reflux ratio of 1 is obtained. If the timer is set to 70%, a reflux ratio of 0.43 is
obtained. Typical operating conditions are given below:
- Kettle recommended loading capacity = 14-16 L (~ 2 in past the half-full line).
- Heating mantle Variacs = set lower and upper mantles to 55 %.
- Time to reach steady-state = 1.5 to 2 hrs.
- Reflux divider, Minitrol timer = 50-70 % (Toluene and Pentane)
- Condenser = set water flow rate to ~ 1 L / min
- Distillation time = based on distillate flow rate, adjust timer so that approximately 3 L of
solution is left inside the kettle at the end of the distillation.
Setting the timer to 50 % results in approximately 1 L / h of distillate being produced,
while 70% results in 1.4 L/h. By increasing the distillate rate the purity of the product is
theoretically compromised, however, since pitch (the contaminant) has a much higher boiling
point than toluene, operating at 1.4 L/h results in a product that is just as pure as shown below
in the sample analysis section.
Loading the kettle
There are two ways to load the waste solvent into the kettle. For this task, it is
recommended to wear goggles and an organic solvent respirator. Since the waste solvent is
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temporarily stored in 3.7 L jugs, one can directly pour the used solvent into the kettle using a
funnel placed in the kettle’s thermocouple port.
To store the waste solvent for longer periods, a 50 L closed head drum with two
openings is used. In order to transfer the spent solvent from the drum into the kettle, first bring
the drum close to the kettle using a cart, or a dolly. Take off the bigger cap and fit a stopper with
two holes in it. One of the holes in the stopper connects to a ½” o.d. teflon tubing that carries
the solvent from the bottom of the drum into the kettle. The second hole on the stopper is used
to connect a ¼” o.d. line to the house pressurized air. The compressed air line is set to ~ 3 psig
on the regulator, enough pressure to drive the waste solvent from the drum into the kettle.
Once the liquid level inside the kettle is approximately 2 in above the half-full line, the
compressed air line is disconnected from the drum in order to stop the flow of waste solvent
into the kettle. The drum is then capped and the kettle’s thermocouple is placed back on.
Cleaning the kettle
After approximately 4 consecutive distillations, the leftover solution in the kettle (~ 2 to
3L) should be siphoned out.
Recommendations
It is very important to avoid emission of organic vapors into the unit-op lab, not only for
safety reasons, but also because this may result in the removal of the distillation setup from its
current location. Loading the kettle with waste solvent inevitably results in some vapor
emission, therefore, it is recommended to do this at the end of the day, when no one will be
around immediately afterwards. Also, keep one of the windows nearby the distillation column
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open and the exhaust fan on while using the column. Before startup, inspect all of the ball &
socket glass joints, look for streaks and bubbles on the grease of these joints. For instance, after
20-30 hrs of use, the glass ball joint between the kettle and the trays was found to leak organic
vapor because the vacuum grease used there was slowly dissolved by hot toluene vapors (b.p. =
111 °C). In this case, the grease was substituted by teflon tape and this problem never occurred
again. For other joints that use grease, this issue hasn’t been observed yet, but if a leak is
detected, or “scented”, turn off the instrument, let it cool down to room temperature, remove
the clamp from the joint and carefully pull the parts apart. Remove the old grease from the joint
and any particulate matter, then lightly grease the joints.
Sample analysis
The purity of the distilled toluene obtained from the distillation of DGE waste solvent
was compared with the commonly purchased HPLC grade toluene (FisherSCI, T290-4) with a
stated purity of 99.8 %.  Two distillation products where analyzed, one obtained from at a reflux
ratio of 1 and the other at 0.43, which gave distillate flowrates of 1 L/h and 1.4 L/h, respectively.
Samples were analyzed with a GC-MS located in Earle Hall, Room 220. The instrument and the
parameters used are given below:
Instrument:
- GC (HP 6890) equipped with a MS (Mass Selective Detector, HP 5973).
- Column: DBWAXETR polar column (model #122-7332, J & W Scientific, Folsom, CA, U.S.A.),
30 m length and internal diameter 250 mm.
Parameters:
- Injection volume of 0.1 μL, Split Ratio of 10:1.
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- Injector Temperature = 200 °C
- Oven Program: 5 min idle at 80 °C, ramp to 200 °C at 5 °C/min, hold at 200 °C for 5 min.
- Carrier Gas: Helium, at a total flow of 18.6 mL/min, 10 psig.
As shown in Figure D.1, the impurities in the distilled product (c) are mainly benzene (b)
and some xylene isomers (d). The peak labeled (a) could not be resolved properly, thus no good
match was found in the mass spectrum database. Similar spectra were obtained for the distillate
at a reflux ratio of 1 and the HPLC sample. Table D.1 summarizes the purity of the three samples
analyzed. As mentioned previously, in this case, the effect of operating at a lower reflux ratio
has little effect on the toluene purity. Lastly, the purity of the distilled toluene was surprisingly
greater than the HPLC grade toluene.
Figure D.1 GC-MS result from the analysis of the distillate product obtained at a reflux ratio of
0.43. The mass spectrum of each peak revealed that the peaks identified are: (a) N/A, (b)
benzene, (c) toluene, (d) isomers of benzene + 2 methyl group.
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Table D.1 Summary of the pure (HPLC) and distilled toluene samples analyzed for purity by GC-
MS. Peaks are shown in Figure D.1.
time
Peak (min) HPLC Reflux 1 Reflux 0.43
(a) 2.0 0.12 0.23 0.22
(b) 2.2 0.12 0.10 0.05
(c) 2.7 98.45 99.39 99.24
(d) 3.6 1.31 0.29 0.49
Area %
Procedure for operating the distillation column
The procedure below can used for solvent recovery of either toluene or other solvents,
such as pentane. However, extreme care must be taken when distilling pentane since it has a
high vapor pressure and it is quite flammable (MSDS rating of 4). If any leak is detected while
distilling, turn off the heaters and any other possible source of ignition. Open the windows next
to the distillation column and turn on the exhaust fan located at the end of the unit-op
laboratory. Distillation of toluene requires very little supervision.
1. Fill-up approximately 2/3 of kettle with waste solvent from DGE (10-20 wt% pitch).
2. Check that the 20 L “waste” pail used to collect the distillate is in place.
3. Turn on both bottom and top heaters from the kettle. Leave the Minitrol off.
4. Program the timer as follows:
a. Press “Menu”, then “Ok”
b. Adjust the current time with the “+” and “-” buttons, press “Ok”; adjust the
current day, press “Ok”.
c. Adjust the ON time, press “Ok”; adjust the current day, press “Ok”.
d. Adjust the OFF time, press “Ok”; adjust the current day, press “Ok”.
e. Press “Menu” to exit back to the current time.
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f. The timer will turn on/off at the set time and day; however, note that after 1
week the timer will turn on again, thus, turn off the heaters and Minitrol after
using the distillation column (next day or so).
g. To override the timer, just press the “+” button to turn it “ON” and “OFF”
5. Wait for ~ 2 hours for the kettle to heat up and establish a steady flow of liquid/vapor
throughout the column (time to reach the b.p of toluene; for pentane, it will take ~ 30
minutes).
6. Set the Minitrol to the desired setting, usually 50 to 70%.
7. Wait for another 15 to 20 minutes. During this time the distillate is sent to the waste
pail until the temperature of the distillate vapor reaches the b.p. of the pure solvent.
8. Switch the 20 L pail to collect the distillate.
9. Inspect that everything is working properly and allow the column to do its job. Note that
at this point it is good to check the timer’s “OFF” time. Estimate the time it should turn
off. For instance, for toluene, a reflux of 1.4 L/h (70% on Minitrol), will produce close to
10 L of distillate in 7 hours. For pentane, the distillate rate is faster, approximately 2 L/h
(70% on Minitrol).
10. After the set time, the timer will turn off the power to the kettle’s heaters and the
Minitrol.
11. FOLLOWING DAY: substitute the 20 L distillate pail for the waste pail. Record the final
weight the pail (empty 20 L metal pail weights ~ 5 Lb). Determine the amount distilled
and the rate.
12. Turn off the kettle’s heaters (Variacs) and Minitrol. Otherwise the timer will turn them
on after a week.
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Appendix E
Calibrations
In this section the setup for calibrating different instruments, as well as the correlations
obtained, are presented. The instruments covered are: pressure transducers for Col-1 (D1-PT)
and Col-2 (D2-PT), metering pump (see Figure A.1), Pumps 1, 2 and 3 (see Figure A.4).
Pressure transducers from Col-1 and Col-2
The pressure transducers (PT) used to monitor the operating pressure in Col-1 (D1-PT;
Heise, serial no. HPO-2676) and Col-2 (D2-PT; Heise, serial no. HPO-3176) were calibrated using
a Budenburg deadweight tester (model 1380H). For calibration, D1-PT and D2-PT were powered
using an HP 6216A (15 V) and BK Precision 1670A (15.1V) power supplies, respectively (same
power supplies used during normal operation). Prior to calibration, the PTs and LabVIEW’s
hardware where left on for at least 1h 30min, as recommended by the manufacturer.
The signal (loop current) was measured using LabVIEW’s Measurement and Automation
Explorer (MAX) software. Note that the calibration of the pressure transducers was carried out
in situ, i.e., next to the columns with the power supply and wiring used during an experiment.
The calibration functions (i.e., correlations between mA signal to pressure for each PT) were
entered in MAX.  The linear transfer functions of the pressure transducers are believed to be
accurate to within ± 1 psi.
The calibration curve for D1-PT is Pressure (psig) = 312.27*(mA) - 1215.07. This
correlation was first obtained by Edwards [1] and was confirmed to be accurate to ± 1 psig (Oct.
2007). For D2-PT, the calibration curve obtained was Pressure (psig) = 311.65*(mA) - 1261.99
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and was found to be accurate to ± 1 psig (Oct. 2007). Given that three years have gone by, it is
recommended to calibrate the PTs.
Metering pump
The metering pump is a gear pump (Zenith Pumps, Model HPB, .160 ml/rev) used to
deliver molten pitch from the extruder to Col-1 at a controlled flow rate. Figure E.1 shows the
setup used for establishing the correlation between the gear speed, in rotations per minute
(RPM), and the molten pitch flow rate in g/h. The temperature profile for the system is shown in
Table E.1. Note that valves VD1-PF-S and -R (also see Figure A.2) are kept closed at all times
during the calibration and that VD1-PF-1 is open. VD1-PF-M is used to control the pressure
downstream, so that the pressure drop (ΔP) between the metering pump’s inlet and outlet is
minimized.
Table E.1 Temperature profile for calibration of the metering pump.
Ext
rud
er
Zone 1 off
Zone 2 160 oC
Zone 3 160 oC
Metering pump 160 oC
Downstream Tube 160 oC
VD1-PF-M 160-170 a
aPulsed heater at 30% (no vapors emitted by molten pitch)
As shown in Figure E.2, ΔP across the metering pump (PExt.-PMet.) is an important factor
that affects the flow rate of pitch being delivered downstream, even though the inner parts of
the metering pump are made to very precise and tight specifications. For instance, when PExt.>
PMethigher flow rates are obtained, while PExt.< PMet results in lower flow rates. Thus, in order to
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establish a reliable correlation between the gear speed and the flow of molten pitch, ΔP should
be minimized. In practice, i.e, during and experiment, PExtusually oscillates by ± 150 psig while
PMet is equal to the operating pressure of Col-1.
The correlation between the pitch mass flow rate (g/h) and the gear speed (RPM) is
given in Figure E.3. On average, samples of the molten pitch were collected for ~5 minutes and
at least three samples were obtained at each gear speed.  Although not clearly shown in Figure
E.3, the average standard error is ± 1.3 g/h (greater at the higher gear speeds).
Figure E.1 Calibration setup for correlating the metering pump’s gear speed to the flow rate of
molten pitch. VD1-PF-M is used to minimize the pressure drop before (PExt.) and after (PMet.) the
metering pump.
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Figure E.2 Effect of pressure drop (PExt. – PMet.) on mass flow rate of molten pitch at a fixed gear
speed of 10 RPM.
Figure E.3 Correlation between the pitch mass flow rate and the gear speed at a minimum
pressure drop.
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Pump 1 and Pump 2
Calibration of both HPLC pumps Pump 1 (Waters 600) and Pump 2 (Varian 2010) is a
straightforward procedure that should be carried out every 2-3 months. In the case of Pump 2,
the solvent reservoir was pressurized between 2-5 psig with N2. Briefly, each pump’s outlet is
connected to an assembly consisting of a pressure gauge (2000 to 5000 psig limit) followed by a
micrometering valve (Whitney part no. SS-22RS4) and an On/Off valve. Initially, both valves are
kept open. The solvent flow is then started at a given rate and the micrometering valve is then
adjusted according to the desired pressure indicated by the pressure gauge. The solvent is
collected in a pre-weighted volumetric flask while being timed with a chronometer.
Note that the behavior of the pressure gauge is a good indicator of the pump’s
performance, i.e., the dial must remain at a constant pressure without oscillating (Pump 2 will
pulsate though). If this is not the case, first verify the level of solvent in the reservoir and prime
the pump (as explained in the manual). Also check the pump for mechanical issues, such as
check valves and piston head seals.
Table E.2 shows the calibration data for Pump 1. For each flow rate tested, at least
three samples were collected for ~ 2 to 3 minutes. On average, the flow rate of solvent (toluene)
delivered by Pump 1 has a standard deviation of ± 0.01 mL/min.
Table E.2 Calibration data from Pump 1 (Waters 600)
Set Flowrate Pressure Avg. Flow Stdev
(mL/min) (psig) (mL/min) (mL/min)
2.00 500 2.01 0.01
2.00 1000 2.01 0.00
10.00 1000 10.02 0.02
19.00 1000 18.93 0.01
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Table E.3 shows the calibration data for Pump 2 (Varian). On average, the flow rate of
solvent (toluene) delivered by Pump 2 has a standard deviation of ± 0.06 mL/min; however, note
that Pump 2 is off by an average -0.17 mL/min from the set flow rate. Thus, a flow rate of 9.9
mL/min (limit of Pump 2), results in a flow rate of approximately 9.77 ± 0.04 mL/min.
Table E.3 Calibration data from Pump 2 (Varian 2010)
Set Flowrate Pressure Avg. Flow Stdev
(mL/min) (psig) (mL/min) (mL/min)
3.0 1000 2.94 0.01
6.0 750 5.91 0.05
9.0 500 8.80 0.02
9.0 1000 8.82 0.06
9.9 1400 9.77 0.06
Pump 3
In order to pump concentrated pitch solutions using Pump 3 (M-Roy 16/160 mL/h) a
correlation has to be established between the setting on the pump (Dial %) and the output
(g/h). Note that both inlet and outlet of Pump 3 need to be pressurized; thus, the reservoir for
the pitch solution is pressurized between 2-5 psig with N2. Once the flow rate of concentrated
pitch is started at a given dial setting, the outlet pressure (see CTP-P in Figure A.4) is adjusted by
a micrometering valve (VD2-PF-M) (note that VD2-PF-S and -R are kept closed). Given that Pump
3 is a single piston pump, the operating pressure was kept between 500-1000 psig. Samples
were collected in pre-weighted aluminum dishes while being timed with a chronometer.
The correlation between three dial settings on Pump 3 and the mass flow rate of a
concentrated pitch solution is given in Table E.4. The concentrated pitch solution was obtained
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from evaporating the top product from Col-1 (operating as a stripper/rectifier at a S/P ratio of
12.1, +ΔT (400-380-350 °C), S/P ratio of 12.1, 1000 psig). The concentrated pitch solution had a
b.p. ~123 °C and contained 64 wt% pitch (monomer and dimer only) in toluene.
Table E.4 Correlation between dial setting of Pump 3 (M-Roy 16/160 mL/h)
and mass flow rate of a 64 wt% pitch-toluene solution.
Pressure Avg. Flow Avg. Flow Stdev
Dial % (psig) g/min g/h g/h
20 500-1000 0.49 29.5 0.6
30 500-1000 0.77 46.0 0.9
41 500-1000 1.09 65.5 1.3
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Appendix F
Additional Results
Phase-equilibrium measurements
As shown in Figure F.1, the continuous DGE apparatus can be modified such that phase-
equilibrium measurements can be carried out (i.e., without packing). In prior studies [5,6], only
one impingement mixer was used to mix a 50 wt% toluene-pitch mixture with pure toluene. In
this case, molten pitch is mixed directly with pure toluene with the use of three impingement
mixers (numbers shown in Figure F.1). The mixers consist of an arrangement of 1/16” o.d. x
0.03” i.d. stainless tubing, one cross, and three tees. In each mixer, the incoming streams are
brought together as close as possible in order to improve mixing. After the impingement mixers,
the phases are allowed to equilibrate in a 4 ft long x 1/8” o.d. x  0.069” i.d. tubing prior to
entering the column. Note that both pitch and pure toluene streams are pre-heated prior to
entering the mixers, which are also kept at temperature.
Figure F.1 Phase-equilibrium measurements using the DGE apparatus in the continuous mode.
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The phase-equilibrium setup shown in Figure F.1 was assembled and tested once by the
author at 350 °C, 800 psig, S/P ratio of 5.1/1. Three solvent flow rates were tested, as shown in
Table F.1. In theory, if the streams are well mixed at a given temperature and pressure, both
yield and composition of the phases must be equal at all flow rates. However, as shown in Table
F.1, the bottom pitch yield decreases with increasing solvent flow rate. The average composition
of the phases at each solvent flow rate is shown in Figures F.2 and F.3.  Overall, the top phase
composition remains relatively constant at all flow rates while some variation in bottom phase
composition is observed.
Table F.1 Solvent flow rates and experimental bottom product pitch yields from single-stage
DGE at 350 °C, 800 psig, S/P ratio of 5.1/1.
Toluene Flow Bottom Pitch Yield
mL/min Avg. Stdev.
6.5 0.42 0.00
11.5 0.34 0.02
16.5 0.31 0.00
Figure F.2 MALDI area fraction of top products obtained from phase-equilibrium measurement
at 350 °C, 800 psig, S/P ratio of 5.1/1, at three different solvent flowrates.
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Figure F.3 MALDI area fraction of bottom products obtained from phase-equilibrium
measurement at 350 °C, 800 psig, S/P ratio of 5.1/1, at three different solvent flowrates.
Even though the phase-equilibrium results shown in Table F.1 indicate poor mixing
between the pitch and toluene streams, the average results comparing single and multistage
DGE at 350 °C, 800 psig, and S/P ratio of 5.1/1 are shown in Table F.2. As discussed in more
detail in the next section, these results can be used to estimate the number of stages present in
multistage DGE. In summary, the results indicate that multistage DGE extracts more of the feed
pitch (M-50) since a lower bottom pitch yield is obtained. Also, from the comparison made in
Table F.2, the bottom product from multistage DGE is heavier, since less solvent is present.
Table F.2 Summary of experimental results from single and multistage DGE at 350 °C, 800 psig,
S/P ratio of 5.1/1.
Single Stage DGE Multistage DGE
Pitch Avg. Stdev. Avg. Stdev.
Bottom yield 0.36 0.05 0.21 0.02
Top wt fraction 0.12 0.01 0.14 0.01
Bottom wt fraction 0.77 0.03 0.84 0.02
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Estimating the number of stages
To obtain an estimate of the number of stages in the DGE column, the Kremser [7]
group contribution method was used. In such group methods, changes of temperature, flow
rates, and composition in each stage are not taken into account. The Kremser method has been
applied to absorbers, strippers, and liquid-liquid extractors. For a counter-current stripper, the
following equations apply:
1
1
1
e
S N
e
S
S 
  Equation F.1
K VS L Equation F.2
where S is the fraction of species not stripped, eS is the effective stripping, N is the number of
stages, S is the stripping factor,K is the K-value for a given specie, V and L are the molar flow
rates of vapor and liquid into the column. In the case of pitch-toluene, the composition of the
feed pitch must be defined. As shown in Table F.3, 10 pseudocomponents (see Chapter 2) are
used to represent the feed pitch (M-50); however, the wt fraction of each PC in the pitch was
based on the oligomeric composition of M-50 obtained in Chapter 5 (i.e., 50 wt% is monomer,
27 wt% is dimer, and the remaining 23 wt% is trimer+). Note that (1) the wt fractions of
monomer and dimer are equally distributed between the two PCs used to represent each
oligomer and (2) out of the 23 wt% of trimer+, 12 wt% was assumed to be trimer species and
the remainder was equally distributed between tetramer and heavier species. Also, as shown in
Table F.3, the molar flow rates of vapor and liquid are assumed to be constant throughout the
length of the column.
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Table F.3 Pseudocomponents and approximate composition of the feed pitch. Flow rates based
on a S/P ratio of 5.1 (11.5 mL/min of toluene and 1.96 g/min of pitch).
Feed Pitch Flow Rate
Component MW wt. frac. g/min kmol/min
Toluene 92 - 9.971 108.2
PC1 246 0.2500 0.489 1.98
PC2 335 0.2500 0.489 1.46
PC3 449 0.1350 0.264 0.59
PC4 573 0.1350 0.264 0.46
PC5 697 0.0600 0.117 0.17
PC6 821 0.0600 0.117 0.14
PC7 957 0.0275 0.054 0.056
PC8 1067 0.0275 0.054 0.050
PC9 1214 0.0275 0.054 0.044
PC10 1410 0.0275 0.054 0.038
kmol/min Total
L 5
V 108
Next, based on a multistage DGE (stripping mode) at 350 °C, 800 psig, and S/P ratio of
5.1/1 (1.96 g/min of pitch) the fractions not stripped ( S ) of PC1 to PC6 (i.e., monomer to
trimer) were estimated from experimental results. In order to obtain S , the composition of
either the top or the bottom product from the multistage DGE must be found (since the
composition of the feed pitch is known). As shown in Figures F.4 and F.5, the compositions of
the top and bottom products obtained for the single-stage extraction, discussed in the previous
section, and the multistage extraction considered here are surprisingly similar. Also, shown in
Figure F.4, is the composition of a top product obtained at a +ΔT, where its oligomeric
distribution matches with that of the extractions carried out at 350 °C. Since the oligomeric
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composition of the top product obtained at a +ΔT is known (as explained next), the composition
of the other two products (at 350 °C) can be estimated, i.e., the top products obtained while
operating Col-1 as a single-stage and multistage process.
From Chapter 5, when Col-1 is operated as a strip./rect. at +ΔT(400-380-350 °C), 1000
psig, and S/P ratio of 8.0, the top product yield is 0.77 (see Figure 5.5). In other words, for a feed
pitch of 10 g/min, 7.7 g/min of pitch will be extracted. Since no monomer is present in the
bottom product of such extraction, the 7.7 g/min of pitch flow rate out of the top is comprised
of 5.0 g/min of monomer species (i.e. PC1 and PC2). Based on Kulkarni’s [8] awesome effort to
calibrate MALDI, the 17 mol% of dimer in the bottom product (see Table 5.2) is estimated to
correspond to 11 wt%, i.e., 0.36 g/min of dimer out of 3.3 g/min of bottom product pitch flow
rate. Thus, subtracting 0.4 g/min from the 2.7 g/min of dimer present in the feed pitch, results in
2.3 g/min of dimer coming out the top product. Thus, the top product (7.7 g/min) at the +ΔT
considered here contains 5.0 g/min of monomer, 2.3 g/min of dimer, and 0.4 g/min of trimer
(or, 65 wt% monomer, 30 wt% dimer, and 5 wt% trimer). Given that the oligomeric distributions
shown in Figure F.4 are all similar, the estimated composition at +ΔT should be applicable to the
extractions carried out at 350 °C.
Back to the multistage DGE (stripping mode) at 350 °C, 800 psig, and S/P ratio of 5.1/1
(1.96 g/min of pitch), the bottom yield and mass fraction of toluene at such conditions is 0.21
and 0.16 (as shown in Table F.2). Also, note from Figure F.5, that no monomer is present in the
bottom product, thus S for monomer is 0. For dimer, S is obtained by considering that, for a
pitch feed of 10 g/min, 7.9 g/min is extracted and that 30 wt% of it is dimer (i.e., 2.3 g/min).
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Figure F.4 MALDI of top products obtained from phase-equilibrium measurement ( ) and
multistage, stripping mode ( ) with one-column DGE at 350 °C, 800 psig, S/P ratio of 5.1/1.
Top product of known composition ( ) obtained from one-column DGE under strip./rect.
mode at +ΔT(400-380-350 °C), 1000 psig, S/P ratio of 8.0/1.
Figure F.5 MALDI of bottom products obtained from phase-equilibrium measurement ( ) and
multistage, stripping mode ( ) with one-column DGE at 350 °C, 800 psig, S/P ratio of 5.1/1.
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Thus, 0.4 g/min of dimer is not extracted (out of 2.7 g/min in the feed pitch), which results in a
S of approximately 0.13. Following the same approach for trimer, a S of 0.33 is obtained.
Next, the necessary K-values where estimated from single-stage experimental data (as
discussed in the previous section) and single-stage simulations with HYSYS, and SAFT (using the
pitch feed composition from Table F.3). Summarized in Tables F.4 to F.6 are K-values obtained
from each approach and the estimated number of stages for each PC. Note that the number of
stages in each case was found by trial-and-error, until the experimental and estimated S
matched. Overall, results indicate that, depending on the approach taken, the number of stages
range from 0.5 to 7. However, based on Figure F.5, DGE has more than one stage since no
monomer is present in the bottom product when operating Col-1 as a multistage process. Also,
note that in this case SAFT predicted almost complete extraction of PC1 to PC5 (i.e., monomer,
dimer, and a portion of trimer) and for this reason the K-values were too high and the number
of stages too low when compared to the other approaches. Lastly, if dimer alone is taken as the
key-component and only the results shown in Tables F.4 and F.6 are used, the number of stages
in DGE can be estimated to be 2.2 ± 0.5.
Table F.4 K-values obtained from experimental data. On average, N = 4.7 ± 2.7.
Experimental Estimated
Component K-value S A φS φA φS φA N
Toluene 1.517 - 0.03 - 0.99 - 0.99 -
PC1 0.162 3.5 - 0.00 - 0.00 - 7.06
PC2 0.162 3.5 - 0.00 - 0.00 - 7.07
PC3 0.080 1.7 - 0.13 - 0.13 - 2.44
PC4 0.081 1.7 - 0.13 - 0.13 - 2.42
PC5* 0.012 0.3 - 0.33 - - - -
PC6* 0.010 0.2 - 0.33 - - - -
*No convergence.
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Table F.5 K-values obtained from SAFT. On average, N = 1.3 ± 0.8.
Experimental Estimated
Component K-value S A φS φA φS φA N
Toluene 1.472 - 0.03 - 0.99 - 0.99 -
PC1 2.991 64.8 - 0.00 - 0.00 - 2.20
PC2 3.219 69.8 - 0.00 - 0.00 - 2.17
PC3 2.316 50.2 - 0.13 - 0.13 - 0.52
PC4 1.034 22.4 - 0.13 - 0.13 - 0.64
PC5 0.286 6.2 - 0.33 - 0.33 - 0.54
PC6 0.050 1.1 - 0.33 - 0.33 - 1.83
Table F.6 K-values obtained from HYSYS. On average, N = 2.7 ± 1.2
Experimental Estimated
Component K-value S A φS φA φS φA N
Toluene 1.103 - 0.04 - 0.99 - 0.99 -
PC1 1.042 22.6 - 0.00 - 0.00 - 2.94
PC2 0.337 7.3 - 0.00 - 0.00 - 4.56
PC3 0.155 3.4 - 0.13 - 0.13 - 1.44
PC4 0.076 1.6 - 0.13 - 0.13 - 2.58
PC5 0.044 1.0 - 0.33 - 0.33 - 2.21
PC6* 0.027 0.6 - 0.33 - - - -
*No convergence.
Residence time
Throughout Chapters 2 and 3 of this dissertation, thermal polymerization reactions
inside the DGE column were assumed to have a limited effect on the composition of the pitch-
rich phase. However, as evidenced in Chapters 4 and 5, such reactions are clearly present at
elevated temperatures (380 to 400 °C). Factors that contribute to thermal polymerization
reactions of the pitch-rich phase inside the columns include (1) presence of low mol wt species
in the pitch-rich phase, (2) low solvent content, (3) static mixing by the packing (4) residence
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time, and  (5) temperatures exceeding 300 °C. In this section, an attempt is made towards
estimating the residence time of the pitch-rich phase as it flows down the column’s packed
section.
First, to estimate the residence time, both the void volume and volumetric flow rate of
the pitch-rich phase are necessary. Estimating the void volume is quite straightforward. For Col-
1, the free volume (i.e., excluding packing, level detector, and reflux finger volume) is 398 cm3.
This free volume was obtained by filling Col-1 with toluene at room temperature and then
heating it up to 140 °C and condensing the vapor in a collection jar. To obtain the void volume,
the total inner free volume is subtracted by the inner free volume above and below the packing,
i.e., approximately 79 cm3. Thus, the void volume was estimated to be 319 cm3. To estimate the
volumetric flow rate of the pitch-rich phase (pitch + toluene) under DGE conditions, both mass
flow rate and density are necessary. From SAFT-LC results [9], the pitch-rich phase was assumed
to have a density close to 0.7 g/cm3 under DGE conditions.
To estimate the residence time, the void volume is then divided by the volumetric flow
rate of the pitch-rich phase. For instance, when Col-1 is operated as a stripper at 350 °C, 800
psig, and S/P ratio of 5.1/1 (1.96 g/min of pitch), the bottom pitch yield is 0.21 with 0.16 mass
fraction of toluene (shown in Table F.2). Thus, a pitch-rich flow rate of 0.49 g/min down the
column is obtained. Dividing 0.49 g/min by 0.7 g/cm3 results in 0.69 cm3/min. Dividing the void
volume of 319 cm3 by the volumetric flow rate results in 460 min, or 7.7 hours of residence time,
i.e., a ridiculous number! In practice, during a DGE run the equipment is first run at 500 psig
until a bottom product is obtained (15 min of wait counting from the time the pitch flow rate is
initiated). The pressure is then raised to 800 psig and approximately 50 min later a bottom
product is obtained once again. Therefore, the residence time should be somewhat close to 50
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min (and this is the assumption made throughout this entire dissertation). The reason why the
estimated residence time is so off from what is experimentally observed is because, so far, we
have assumed that the entire void volume is occupied by the pitch-rich phase only. In reality,
the pitch-rich phase will spread into a thin layer (depending on its physical properties) over most
(but not necessary all) of the packing. Also, note that we have assumed a pitch-rich flow rate
down the column equal to the bottom flow rate. Instead, if an average pitch-rich flow rate and
density between the top and bottom of the column are used (i.e., 1.22 g/min and 0.96 g/cm3), a
residence time of 4.2 hrs is obtained, which is still way off from reality.
To estimate how much of the void volume is actually being occupied by the pitch-rich
phase, we consider that when Col-1 is operated as a stripper at 500 psig, 350 °C, and S/P ratio of
5.1/1 (1.96 g/min of pitch), it takes approximately 15 min for the pitch-rich phase to be
detected. At such conditions, the bottom pitch yield is 0.95 with a toluene mass fraction of 0.2.
An estimated residence time of 1.6 hrs is then obtained. To get a residence time close to 15 min,
the void volume is multiplied by a correction factor of 0.1 (i.e., only 10 vol% being occupied by
the pitch-rich phase). Note that this correction factor will most likely vary according to the
physical characteristics of the pitch-rich phase.
Back to when Col-1 is operated as a stripper at 350 °C, 800 psig, and S/P ratio of 5.1/1
(1.96 g/min of pitch), if we then apply the correction factor of 0.1, a residence time of 46 min is
obtained, a reasonable number when compared to what is observed experimentally. Better
estimates of the residence time should take into consideration (1) other operating conditions,
(2) pitches of different compositions (i.e., monomer-dimer), (3) that the correction factor will
most likely vary according to the physical characteristics of the pitch-rich phase, and (4) the drag
between the pitch- and solvent-rich phases in a counter-current extraction.
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